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ABSTRACT OF THE DISSERTATION
ENVIRONMENTAL DYNAMICS OF DISSOLVED ORGANIC MATTER AND
DISSOLVED BLACK CARBON IN FLUVIAL SYSTEMS: EFFECTS OF
BIOGEOCHEMISTRY AND LAND USE
by
Jesse Alan Roebuck, Jr.
Florida International University, 2018
Miami, Florida
Professor Rudolf Jaffé, Major Professor
Black carbon (BC) is an organic residue formed primarily from biomass burning
(e.g., wildfires) and fossil fuel combustion. Until recently, it was understood that BC was
highly recalcitrant and stabilized in soils over millennial scales. However, a fraction of
the material can be solubilized and transported in fluvial systems as dissolved BC (DBC),
which represents on average 10% of the global export of dissolved organic carbon (DOC)
from rivers to coastal systems. The composition of DBC controls its reactivity, and it has
been linked with a variety of in-stream processes that induce both carbon sequestration
and evasion of CO2 from aquatic systems, which suggest DBC may have a significant
contribution within the global carbon cycle.
The primary objectives for the thesis were to elucidate environmental factors that
control the fate and transport of DBC in fluvial systems. Ultra-high resolution mass
spectrometry was used to characterize DBC on a molecular scale whereas
benzenepolycarboxylic acids were used to quantify and characterize BC in both dissolved
and particulate phases (PBC). Sinks for polycondensed DBC were linked to a series of in-
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stream biogeochemical processes (e.g., photodegradation, metal interactions); whereas
photooxidation of particulate charcoal led to production of DBC, suggesting
photodissolution as a previously unrecognized source of DBC to fluvial systems.
Coupling of DBC with PBC, however, was hydrologically constrained with sources
varying over temporal scales and land use regimes. For DBC in particular, an enrichment
of heteroatomic functionality was observed as a function of anthropogenic land use.
Furthermore, land use coupled with stream order (a proxy for in-stream processing as
defined by the River Continuum Concept) could explain significant spatial variability in
organic matter (e.g., DOC) composition within an anthropogenically impacted system.
With an increase in wildfire frequency projected with on-going climate change
trends, parallel projections for increases in BC production are also expected.
Furthermore, conversion of natural landscapes for urban and agricultural practices is also
expected to continue in the coming decades. Thus, it is imperative to reach a
comprehensive understanding of processes regulating the transport of DBC in fluvial
systems with efforts to constrain future BC budgets and climate change models.
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INTRODUCTION
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1.1 Introduction
Dissolved organic matter (DOM) is an important component of fluvial systems
and can greatly influence river dynamics and ecosystem functions. Among its many
functions include controls on river primary production through light attenuation (Zhang
et al., 2007), transport of metals (Yamashita and Jaffé, 2008), and serving as an energy
source for residing heterotrophic communities (Kaplan et al., 2008). Dissolved organic
matter is heterogeneic by nature and its role in ecosystem functions are significantly
influenced by its source material (terrestrial inputs versus in-stream primary production).
A useful model that has been used to predict changing DOM dynamics during
downstream transport is the River Continuum Concept (RCC, Vannote et al. (1980)). The
RCC predicts enhanced inputs of molecularly complex DOM in small headwater streams.
As stream order increases, molecular complexity of DOM decreases as selective labile
components are removed from the system. While the RCC was developed specifically for
undisturbed systems, it does not account for an increase in anthropogenic activities such
as land use that may significantly alter the DOM characteristics. For instance, an increase
in agricultural land use can supply local rivers with nutrients thereby fueling microbial
activity and in-stream production of DOM (Carpenter et al., 1998; Williams et al., 2010;
Wilson and Xenopoulos, 2008). While others have also suggested increasing DOM
complexity with increasing agricultural land use (Graeber et al., 2012), the effects of land
use may be variable in different fluvial systems and regulation of DOM may compete
with a river’s biogeochemical properties as determined by stream order, for example. In
any case, it is commonly assumed that DOM composition is not only related to in-stream
processes, but also to the composition of soil organic matter (SOM) in the watershed. As
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such, land use change commonly modifies SOM composition, which can be reflected
within the DOM exported within the watershed (Chantigny, 2003).

Figure 1.1: Black carbon combustion continuum (Myers-Pigg et al., 2017)
Another significant component of SOM is black carbon (BC). Black carbon is an
important, but often overlooked, component of the global carbon cycle that is formed
through incomplete combustion of biomass during wildfires and fossil fuel burning
(Goldberg, 1985). The nature and composition of BC can be best described using a
combustion continuum (Figure 1.1), which defines BC as a heterogeneic mixture organic
material ranging from slightly charred biomass formed at lower combustion temperatures
to soot particles from high temperature combustion (Masiello, 2004). While slightly
charred materials may keep some functionalities of its original source material, the nature
of the BC formed can be an indication of source material and formation conditions as
increasing charring temperatures amplify production of more refractory BC material with
an enhanced polycondensed signature (Baldock and Smernik, 2002; Schneider et al.,
2010).
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Figure 1.2: Recent global black carbon budget (Santín et al., 2016)
It is estimated that up to 383 Tg of BC is produced annually from vegetation fires
(Figure 1.2). A small portion of BC (2 Tg y-1) is emitted to the atmosphere whereas a
significant portion (212 Tg y-1) remains local and becomes incorporated in the soil
matrix (Santín et al., 2016). Because BC composition is believed to largely consist of
pyrolyzed, condensed aromatic material, it has commonly been considered highly
refractory and expected to have soil residence times of millennia, and thus has been
considered a global carbon sink (Bird et al., 2015). However, if BC is indeed very
refractory, it has been estimated that it should represent up to 125% of soil matrices
assuming production of BC has been consistent over the past tens of thousands of years
(Masiello, 2004). Yet the BC content of soils and sediments is estimated on the order of
5-15% of the total organic carbon (Hockaday et al., 2007). The imbalance in the BC
budget suggests there exist a significant labile portion of BC that can mobilized out of the
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soil matrix, which may then be further translocated to other environmental compartments
(such as the aqueous phase) and undergo additional biogeochemical processing.
Recent studies suggest that BC turnover rates in soils can vary over short to long
time scales. For instance, Zimmerman (2010) has shown that a small portion of BC is
respired to CO2. Particulate BC (PBC) can be mobilized and transported in fluvial
systems as a result of increased post-wildfire soil erosion (Wagner et al., 2015a). In
addition, BC stored in soils can undergo microbial oxidation processes, which can
facilitate a small short-term loss (< 3%) of BC through respiration to CO2 (Zimmerman,
2010). However, in the long-term, microbial oxidation can also facilitate the translocation
and transport of dissolved BC (DBC) in fluvial systems by increasing its polar
functionality (Abiven et al., 2011; Hockaday et al., 2006). Dissolved black carbon is an
important component of riverine dissolved organic carbon (DOC) with an estimated 26.5
million metric tons exported to the oceans annually (Jaffé et al., 2013). Globally, riverine
export of DBC and DOC are also highly correlated suggesting that similar mechanisms
controlling the release and transport of DBC from soils is similar to that of DOC (Jaffé et
al., 2013).
During transport to the ocean, DBC may undergo significant transformations that
may affect its mobility and stability throughout a fluvial system. For instance, similar to
DOC, high molecular weight DBC can be selectively removed from aquatic systems
through photodegradation processes (Stubbins et al., 2012). However, photochemical
processes have also been shown to increase production of DOC through photodissolution
of particulate organic carbon (POC) (Mayer et al., 2006; Mayer et al., 2012; Pisani et al.,
2011). Thus, it may also be expected that DBC can be generated through
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photodissolution of char, though this has yet to be determined. Dissolved black carbon
may also be susceptible to other environmental process known to affect downstream
transport of DOC, such as flocculation or sorption to clay minerals (Gu et al., 1995;
Kothawala et al., 2012; Riedel et al., 2012).
Despite our current understanding of BC mobility, little is known about the
systematic and physical processes regulating DBC in fluvial systems (Figure 1.2). The
biogeochemical processes regulating DOM and associated DBC in rivers are often
reflective of changing river dynamics and the landscapes that they drain. Thus, DOM
characteristics can be reflective of changes in watershed activity, such as wildfires or
shifts to anthropogenically impacted landscapes (Parr et al., 2015; Wagner et al., 2015b;
Wilson and Xenopoulos, 2008). Similar patterns of compositional change in the DBC
could be reflective of land use variations, but have not been reported in the literature.
However, while Wagner et al. (2015a) have shown a post wildfire increase in export of
PBC, the coupling between DBC and PBC appeared to be minimal in the small river
setting they studied. Surprisingly, there have been no direct correlations of increasing
DBC export because of increased fire activity (Ding et al., 2013; Wagner et al., 2015a),
but DBC is still exported from rivers even decades after the most recent burn activity in
the surrounding watershed (Dittmar et al., 2012). The long-term export of DBC may in
fact complicate the establishment of a correlation between DBC character with fire
history and/or land use. However, differences in DBC source, namely wildfire vs. fossil
fuels, have been determined in different environments (Khan et al., 2016; Ding et al.,
2015), and as such DBC composition may be affected by urban runoff. In addition,
Wagner et al. (2015b) has shown that an increase in nitrogen containing DBC in world
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rivers was correlated with an increase in watershed anthropogenic activity. Others have
also shown that DBC in areas likely affected by fossil fuel combustion is less
polycondensed in character in comparison to what is expected from wildfire derived DBC
(Ding et al., 2015; Khan et al., 2016). However, no direct correlations between changing
landscapes and DBC distribution have been observed in fluvial systems.
The goal of the current research is to elucidate biogeochemical and physical
parameters that promote changes in DBC and DOM distribution in fluvial systems. This
was performed by analyzing DBC distribution in a variety of biogeochemically unique
river settings from one large basin that is expected to have a significant source of wildfire
derived DBC (Chapter 1). These processes include sorption and coprecipitation along
with photochemical processes. However, though DBC can be removed from aquatic
systems through a variety of biogeochemical processes, DBC may also be generated
photochemically through dissolution of char and soils (Chapter 2). Considering processes
that may induce translocation of BC from the particulate to dissolved phase, it would be
expected that significant coupling between DBC and PBC would be observed in river
systems. However, Wagner et al. (2015a) has shown that in a small system recently
affected by wildfire, there is no direct relationship between DBC and PBC. That
relationship however warrants further investigation on a larger scale (Chapter 3). To
investigate the potential effects of land use and stream order on DOM and DBC
composition and flux, DOM and DBC was quantified throughout a large river system and
directly compared to the subsequent watershed land cover (Chapter 4 & 5). In an effort to
constrain future BC budgets and understand the potentially important role of BC in global
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carbon cycling, it is important to elucidate the above-described environmental drivers
(both natural and anthropogenic) on the fate and export of BC from fluvial systems.
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CHAPTER II

ENVIRONMENTAL DYNAMICS OF DISSOLVED BLACK CARBON IN THE
AMAZON RIVER

11

2.1 Abstract
Dissolved black carbon (DBC) is ubiquitous in fluvial systems and represents
about 10% of the dissolved organic carbon (DOC) exported from rivers annually. During
riverine transport, DOC is subject to a number of biogeochemical transformations
because of processes such as photo- and bio-degradation and interactions with particles
and polyvalent metals. The coupling between DBC and DOC often observed in aquatic
systems suggest the systematic processes regulating the fate and transport of DOC in
rivers would also be similar for DBC. However, little is known about biogeochemical
controls on DBC during transport within terrestrial systems. To further investigate the
influence of river biogeochemistry on the fate and transport of DBC in fluvial systems,
DBC was characterized using the benzenepolycarboxylic acid method along with ultra
high resolution mass spectrometry in three unique tributaries of the Amazon River, which
provides the greatest export of freshwater discharge to coastal systems. These tributaries
were unique in their biogeochemical character ranging from clear water rivers, highly
turbid white water rivers, and black water rivers. In comparison to the black water river,
DBC was compositionally less polycondensed and lower in molecular weight in both the
clear water river, as evident by photodegradation, and the white water river, suggesting
selective loss of DBC through interaction with mineral clays and polyvalent metal
species. To confirm the hypothesis, we show through laboratory incubation experiments
that coprecipitation with iron is a reasonable mechanism for selective removal of high
molecular weight DBC from fluvial systems. Collectively, the data reported in this study
show that local river biochemistry may have a significant impact on the fate and transport
of DBC from rivers to coastal systems.

12

2.2 Introduction
Black carbon (BC) is a heterogeneic collection of thermogenically altered organic
material formed through incomplete combustion of biomass (e.g., such as from wildfires)
and fossil fuel combustion (Goldberg, 1985). The nature to which BC is formed is
dependent on source material and charring conditions, with BC becoming enriched in
high molecular weight, polycondensed aromatic compounds as charring temperature
increases (Masiello, 2004). Because of this high degree of polycondensed aromaticity, it
is expected that BC is highly recalcitrant and after postproduction incorporation into
soils, can have mean residence times upwards of millennia (Bird et al., 2015). However, a
fraction of the BC pool incorporated into soils can be altered through microbial oxidation
processes, thereby increasing the polar functionality of these polycondensed aromatic
compounds and promoting their release from soils as dissolved BC (DBC; Hockaday et
al., 2006). Dissolved black carbon becomes integrated within the dissolved organic
matter pool where it accounts for ~10% of the total dissolved organic carbon (DOC)
exported globally from fluvial networks to the ocean (Jaffé et al., 2013). The reason why
such a strong correlation between DOC and DBC exists globally is currently unknown
and has raised concerns about alternative sources of DBC. However, no alternative
sources that can explain high levels of dissolved condensed aromatic compounds in
aquatic systems have been identified to date.
The relationship between DOC and DBC is complex and not well understood.
However, the coupling between DOC and DBC throughout the aquatic environment
suggests that the systematic biogeochemical processes involved in regulating DOC
during riverine transport may be similar for DBC. For instance, photochemical
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degradation can be a sink for both high molecular weight DBC and DOC (Stubbins et al.,
2012). However, biogeochemical processes, such as sorption/desorption with minerals
(Kothawala et al., 2012) and interactions with polyvalent metal species (Gu et al., 1995),
that have been shown to remove DOC from aquatic environments and alter DOM
composition, have not been fully explored quantitatively for DBC. Thus, local river
biogeochemistry may play a pivotal role in the cycling of DBC.
Global river systems are responsible for significant export of DOC to coastal
oceans (Raymond and Spencer, 2015). The Amazon River basin in particular is a globally
important system as it is responsible for nearly 20% of the global freshwater discharge
and exports an estimated 36 Tg of organic carbon into the ocean annually (Moreira-Turcq
et al., 2003a; Richey et al., 1990). However, the Amazon River basin, which is still
comprised predominately of its pristine natural cover, is subjected to regularly occurring
natural wildfires along with frequent slash and burn events (Cochrane and Schulze, 1998;
Sanford et al., 1985), making it a significant regional source of DBC to the coastal ocean
(Jaffe et al., 2013).
The Amazon River basin is also unique as the DOC in its fluvial network is
supplied from a variety of tributaries representative of a wide array of biogeochemical
characteristics. The three major types of rivers that comprise the Amazon River basin,
named for their ability to mediate light availability, are black, white, and clear water
rivers (Moreira-Turcq et al., 2003a). The “black water” rivers are rich in chromophoric
DOM (CDOM) and have the ability to absorb copious amounts of light and limit light
penetration beneath the surface (Mounier et al., 1999). Similarly, light penetration is
inhibited in “white water” rivers as well because of increased suspended sediment
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concentrations (Guyot et al., 2007), which are made up of primarily suspended mineral
clays and particulate species of polyvalent metals (such as aluminum and iron). On the
contrary, the “clear water” rivers have increased light availability because of the low
turbidity (Richey et al., 1990). Considering the distinct biogeochemical characteristics of
Amazonian tributaries, it may be expected that the combination of light penetration,
sorption/desorption and co-precipitation might be reflected in the local DBC signatures
among these tributaries, highlighting the influence of local river biogeochemistry on the
fate and transport of DBC.
To explore the hypothesis further, DBC was characterized using the
benzenepolycarboxylic acid (BPCA) method and ultra high-resolution mass spectrometry
in three major Amazonian tributaries, each representative of a clear, white, or black water
conditions. We hypothesize that DOM would contain higher DBC levels and of a more
condensed aromatic signature in the black and white water rivers because of potential
shielding effects from photochemical degradation. However, in the highly turbid white
water rivers, which are rich in mineral clays and polyvalent metal species, selective
removal of high molecular weight DOM would result in lower DBC concentrations and a
less polycondensed DBC signature relative to the black water river. To explore the
potential effects on DBC composition and abundance through sorption onto clay minerals
and co-precipitation with iron hydroxides, controlled laboratory experiments were
performed. Characterization of in situ DBC within the Amazon River basin along with
the previously described experiments provides a better understanding of how local
biogeochemistry may influence the fate and transport of DBC within the aquatic
environment.
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2.3 Methods
2.3.1 Sample Collection
Dissolved organic matter samples analyzed from the Amazon River for the
present study have been previously described by Gonsior et al. (2016). Samples were
collected from the main stems and adjacent flooded lakes of the Rio Negro (n = 11), Rio
Madeira (n = 10), and Rio Tapajos (n = 4, Figure 2.1) using 1 L precombusted (500 ˚C, 5
hr) Pyrex glass bottles in May 2013.

Figure 2.1: Map of the Amazon River drainage basin. (a) General location of
sampling regions within the Amazon Basin. (b) Sampling locations within the Rio
Negro region. (c) Sampling locations within the Rio Madeira region. (d) Sampling
locations within the Rio Tapaós.
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2.3.2 Isolation and Quantification of DBC
All samples collected were passed through a 0.7 µm precombusted (500 ˚C, 5hrs)
Whatman glass fiber filter (GFF) and acidified to pH 2 with formic acid. Bulk DOM was
isolated from the samples using a solid phase extraction (SPE) technique previously
described by Dittmar et al. (2008). Briefly, acidified samples were gravity-fed through
Agilent Bond Elut PPL SPE cartridges (1g PPL resin, 6 mL volume) preconditioned with
methanol and rinsed with acidified ultra-pure water. Upon completion of sample loading,
SPE cartridges were further washed with acidified ultra pure water, dried, and eluted with
10 mL methanol.
The DBC isolated by SPE was quantified using the benzenepolycarobxylic acid
(BPCA) method previously described by Dittmar (2008). The BPCA method is primarily
used for quantification of the condensed aromatic portion of the total pyrogenic carbon
spectrum. The DBC is thermally oxidized into polysubstituted benzene carboxylic acids
in which a greater proportion of the more substituted BPCAs (B5CA & B6CA) in relation
to the less substituted BPCAs (B3CA & B4CA) imply the represented DBC contains a
more condensed aromatic signature.
Methanol aliquots containing roughly 0.25 mg C were dried under a stream of N2
gas in 2 mL glass ampoules and oxidized with 0.5 mL nitric acid at 160 ˚C for 6 hours
(Ding et al., 2013). The remaining BPCAs were re-dissolved in mobile phase buffer and
quantified by high performance liquid chromatography (HPLC) coupled with a diode
array detector (Surveyor, Thermo Scientific). Chromatographic conditions for separation
and quantification of BPCAs are previously described in detail by Dittmar, 2008. The
DBC oxidation was performed in triplicate (CV < 5%).
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2.3.3 Ultra-High Resolution Mass Spectrometry
Details for the characterization of this data set by FTICR-MS have been
previously described by Gonsior et al., 2016 with more detailed FTICR-MS protocols
described by Hertkorn et al., 2013. Briefly, DOM samples isolated by SPE were diluted
(1:20) in methanol and analyzed with a Bruker Solarix ultra high resolution mass
spectrometer (Helmholtz Zentrum Munich, Germany) connected to a 12 Tesla
superconducting magnet. Samples were infused into the ionization source (negative
mode) at a flow rate of 120 µL/min. For each sample, 500 scans were averaged and
calibrated to a list of known DOM calibrants. Molecular formulae were assigned over a
mass range up to an m/z of 800 Da. For our analysis, a mass resolution of 500,000 was
documented at m/z 400 Da and a mass accuracy of less than 0.2 ppm was achieved. A
modified aromaticity index (AImod) was calculated for each molecular mass as described
by Koch and Dittmar (2006, 2016). Condensed aromatic compounds (i.e. DBC) were
defined with an AImod ≥ 0.67 and molecular formulae containing only carbon, hydrogen,
and oxygen.
2.3.4 Incubation of DOM with Mineral Clays
In triplicates, three mineral clays (Montmorillonite, Kaolinite, and Illite) were
each suspended at 250 mg/L in a 10 ppm DOM solution prepared in synthetic freshwater
(Smith et al., 2002) with Suwannee River Fulvic Acid (SRFA) obtained as International
Humic Substances (IHSS) reference material (2R101N). After 24 hours of shaking at
100 RPM, samples were filtered through a 0.7 μm GFF and the DOM and associated
DBC were isolated and quantified to determine if high molecular weight DBC selectively
adsorbed to the respective mineral clays.
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2.3.5 Incubation of DOM with Iron
Using IHSS reference standards, two sets of DOM solutions were prepared with
SRFA and Suwannee River Humic Acid (SRHA, 2S101H) at a concentration of 10 ppm.
These DOM solutions were separated into four sets of triplicates each. Using
Fe(NO3)3·9H2O, two sets of triplicates for each DOM solution were brought to a 60 μM
iron concentration and two sets were brought to 12 μM iron concentration. One set
representative of each iron concentration was then adjusted to pH 4 and pH 7.5 and then
shaken at 100 RPM. After 24 hours, the samples were filtered through a 0.2 μm
membrane filter (Millipore) and the DOC and associated DBC were isolated by SPE
(method described above) and quantified using the BPCA method to determine if
selective high molecular weight DBC is removed from solution as a result of coprecipitation with iron. However, for samples at pH 7.5, further precipitation was
observed upon acidification for DBC isolation by SPE. This additional precipitation was
not observed for samples prepared at pH 4. Because there is a high probability that more
DBC was lost upon acidification of samples prepared at pH 7.5, the data for these
samples were omitted from this dataset as they are likely not reflective of the true DBC
concentration and composition at the conclusion of the 24 hour experiments.
2.4 Results and Discussion
2.4.1 DBC Composition in Amazonian Tributaries
The DBC concentrations were highly variable among the three main tributaries
sampled in the Amazon basin. Of these, DBC was highest in the black water Rio Negro
with an average concentration of 0.47 ± 0.05 ppm. The clear water Rio Tapajós followed
with an average concentration of 0.11 ± 0.01 ppm, while the white water Rio Madeira
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had the lowest DBC concentration at 0.05 ± 0.02 ppm. These DBC concentrations are in
general agreement with concentrations ranges previously reported throughout the
Amazon River main stem from Óbidos to Macapá (Medeiros et al., 2015).
The DOC concentrations for the sample set have been previously reported by
(Gonsior et al., 2016). The Rio Negro region had the highest DOC concentration
averaging roughly 10 ppm, nearly two-fold that of the Rio Madeira and Rio Tapajós,
which ranged from 1.9 - 5.8 ppm. The DBC was significantly correlated with DOC in
both the Rio Negro (p < 0.05) and Rio Tapajos (p < 0.05), a relationship consistent with
previous reports that these two variables are correlated in wide array of fluvial networks
(Ding et al., 2014; Dittmar et al., 2012; Jaffé et al., 2013; Wagner et al., 2015). The
biogeochemical drivers leading to the linear relationship between DBC and DOC (Jaffe et
al., 2013) are still not well understood. In the current study, while the relative abundance
of DBC as percent of DOC fell within the range of previously reported values (Jaffe et
al., 2013), it was below the average global distribution (10% of DOC) in both the Rio
Tapajós and the Rio Negro (DBC = ~4.5% DOC), and even lower in the Rio Madeira
(1.8%). The differences in the relative abundance of DBC in the overall DOC pool
between these river systems is unclear, but could be related to selective removal
mechanisms of DBC in the Rio Madeira, such as through stronger associations with the
high suspended solids loads (sorption) or co-precipitation within the high molecular
weight DOC fractions (Chen et al., 2014) via the formation of iron hydroxide
precipitates. This hypothesis for DBC-iron interactions is discussed in further detail
below.
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Table 2.1: BPCA and FT-ICR-MS information in the respective Amazonian
tributaries. Errors represent 1 standard deviation from the mean.
Sample Area

DBC (ppm)

BPCA Ratio

Avg. Mol. Weight

No. BC Formula

Rio Tapajós

0.11 ± 0.01

0.69 ± 0.02

322 ± 8

225 ± 72

Rio Negro

0.47 ± 0.05

0.90 ± 0.10

353 ± 10

322 ± 20

Rio Madeía

0.05 ± 0.02

0.70 ± 0.07

331 ± 2

228 ± 20

Dissolved black carbon is likely comprised of a collection of condensed aromatic
compounds. While the condensed aromatic nature of DBC has in part been related to its
source material and combustion conditions (Schneider et al., 2010), it has been reported
that the aromatic character of DBC can be reduced through photo-exposure (Stubbins et
al., 2012). Thus, in order to assess the impact of stream biogeochemistry on the degree of
DBC aromaticity throughout the Amazon River basin, BPCA ratios were used and
compared between ecosystems with different degrees of light penetration (as determined
by CDOM and turbidity). The BPCA ratio used herein was defined as the ratio of
(B5CA+B6CA)/(B3CA+B4CA), where a higher ratio implies a more polycondensed
DBC character of the sample.
The BPCA ratio was not significantly different between the Rio Tapajós and the
Rio Madeira (p < 0.05). However, both were significantly lower compared to the Rio
Negro (p < 0.05, Table 2.1). The higher BPCA ratio in the Rio Negro would imply a
higher degree of polycondensation for DBC compared to the other two tributaries.
Photochemical degradation of DOC is highly prevalent within Amazonian clear waters
(Amado et al., 2006) and thus, the lower BPCA ratio in the Rio Tapajós could be driven
by higher degrees of photodegradation. In contrast, the Rio Negro is rich in CDOM that
may shield DBC from associated photodegradation processes leading to a more preserved
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pool of DBC. The Rio Madeira on the other hand had the lowest DBC concentrations as
well as a low degree of condensed aromaticity (low BPCA ratio) in comparison to the
Rio Negro. However, the highly turbid waters of the Rio Madeira make it unlikely that
photochemical degradation can justify the low degree of condensed aromaticity in this
system. High suspended sediment loads in the Rio Madeira are rich in clay minerals, such
as montmorillonite, kaolitite, and illite (Guyot et al., 2007). Its surface waters and
sediments are also rich in abundance of polyvalent metals, such as iron (Conrad et al.,
2014). For instance, the Rio Madeira has total iron concentration of up to 256 µM, of
which 12.8 µM is in the dissolved phase (Bergquist and Boyle, 2006; Poitrasson et al.,
2014). The interactions between bulk DOC and mineral clays as well as with iron in
aquatic systems have been previously established. Kothawala et al. (2012) has shown that
high molecular weight DOC is selectively removed from solution through adsorption to
mineral soils. Gu et al. (1995) has shown that presence of iron oxides will induce the loss
of high molecular weight DOC. It has been estimated that between 4 and 40% of DOM is
lost when the black waters of the Rio Negro converge with the highly turbid waters of the
Rio Solimões (Aucour et al., 2003; Moreira-Turcq et al., 2003b). Considering that DBC
associates most predominately with the high molecular weight fraction of DOC (Wagner
and Jaffé, 2015), we hypothesize that the presence of clay minerals and iron will induce
the selective removal of highly condensed DBC from the water column. Evidence to
support this hypothesis has been previously presented by (Riedel et al., 2013), who have
shown by FTICR/MS that there is a loss of condensed aromatic structures at redox
interfaces in soils. Furthermore, Riedel et al. (2012) also reported the loss of condensed
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aromatic structures in solutions containing peat derived DOM that was enriched with
iron.
Although strong evidence is available to support significant DBC-iron
interactions within the aquatic environment as well as the adsorption to mineral clays
considering their interaction with DOC, direct quantitative measures have yet to be
employed to confirm the importance of these processes in removing DBC from the
dissolves phase. In the present study, experiments were performed to investigate the
interactions of DBC with mineral clays and with iron to confirm if selective removal of
high molecular weight DBC is indeed possible.
2.4.2 Adsorption of DBC to Mineral Clays
To test the above-mentioned hypotheses, a sorption experiment was designed to
determine if there is significant loss of DBC in the presence of clays minerals.
Montmorillonite and kaolinite were used because of their ubiquity throughout the
Amazon River system, and illite was chosen because of its high abundance in the Rio
Madeira (Guyot et al., 2007). As observed in Table 2.2, there was no significant loss of
DBC after 24 hour incubation of SRFA with each clay. Thus, the hypothesis that
additional polycondensed DBC would be removed from solution through adsorption
(Kothawala et al., 2012) could not be confirmed. It should be noted that soils, such as
luvisol and gleysol, were used for the work reported by Kothawala and coworkers. The
difference in soil properties and mineral characteristics likely plays a key role in the
adsorptive properties with DOM. Thus, it is possible that DBC may interact differently
with mineral soils found within the Amazon River basin. However, on the basis of the
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results reported here, it seems unlikely this process induces significant removal of DBC
throughout the Amazon basin and the Rio Madeira.
Table 2.2: Results of a 24 hour DBC adsorption experiment with common mineral
clays found in the Amazon basin. Error represents 1 standard deviation from the
mean.
DBC (ppm)

BPCA Ratio

Initial

1.32 ± 0.04

1.94 ± 0.03

Montmorillonite

1.25 ± 0.02

1.95 ± 0.02

Kaolinite

1.39 ± 0.01

1.91 ± 0.02

Illite

1.33 ± 0.13

1.93 ± 0.05

2.4.3 Selective Co-precipitation of DBC with Iron
To further explore interactions between DBC and iron as a potential mechanism
for loss of more polycondensed DBC in the Rio Madeira, 24 hour incubations were
performed using SRFA and SRHA as a natural DBC substrate to determine if selective
coprecipitation of more polycondensed DBC is removed from solution with varying iron
concentrations. These experiments were carried out at pH 4 and pH 7.5. However,
samples at pH 7.5 were omitted as a consequence of an experimental defect with respect
to these samples (see methods section).
After the 24 hour incubation, a significant loss of DBC was observed in both the
SRFA (Figure 2.2a) and SRHA (Figure 2.2b) experiments. The most significant loss of
DBC for both SRFA and SRHA was in samples containing 60 µM dissolved iron
(Figure 2.2a,b), with each losing more than 60% of the DBC present in the original
samples. These losses in DBC abundance were coupled with a decrease in the BPCA
ratio (Figure 2.2a,b), suggesting the selective removal of more polycondensed DBC
during coprecipitation with iron hydroxide. In samples containing 12 µM dissolved iron,
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a loss in DBC was also observed, but was much less significant than what was observed
in samples with 60 µM iron concentrations (Figure 2.2a,b). For SRFA, the decrease in
DBC was 13% with a decrease of 34% in SRHA samples. The more extensive loss of
DBC in samples with 60 µM dissolved iron is on par with other studies involving bulk
DOC in which coprecipitation is enhanced when there is a higher proportion of iron with
respect to DOC (Nierop et al., 2002).
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Figure 2.2: Graphs displaying respective results for a 24 hour DBC co-precipitation
experiment with iron using (a) SRFA and (b) SRHA. The y-axis is representative of
both DBC (ppm) and the BPCA ratio. Error bars represent 1 standard deviation from
the mean.
While a significant decrease in the BPCA ratio was observed for the SRHA
samples both with 60 and 12 µM iron and the SRFA sample with 60 µM iron, a decrease
in the BPCA ratio was less obvious for the SRFA sample with 12 µM iron (Figure 2.2a).
The reason a decrease in the BPCA ration in the SRFA sample with 12 µM iron is
currently unclear. However, the bulk humic acid fraction of the DOM pool is higher in
molecular weight than to fulvic acids (Beckett et al., 1987) and can be separated from
fulvic acids through selective coprecipitation at low iron concentrations (Hiraide et al.,
1987). The increased affinity for the humic acid fraction to coprecipitation with iron at
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low concentrations may provide some insight into the selective removal of
polycondensed DBC in the low iron SRHA sample versus the low iron SRFA sample. In
addition, DBC was reported to associate with high molecular weight DOM fractions that
are enriched in humic-like substances (Wagner and Jaffe, 2015). Nevertheless, we show
that in general, the more polycondensed fraction of the DBC pool can be selectively
removed from aquatic systems through iron coprecipitation processes leaving a less
polycondensed DBC signature.
The DBC-iron interactions described above may have important implications for
cycling of BC in aquatic systems as these processes may induce carbon sequestration and
storage in soils as well as enhance the movement of BC in the particulate phase. About
21% of organic matter in sediments is directly bound to reactive iron (Lalonde et al.,
2012), and in the Amazon basin, BC in soils has been reported as high as 35% with
significant portions being bound within iron oxide clusters (Glaser et al., 2000). The
ability for iron to sequester BC further highlights the importance of DBC coprecipitation
with iron as a likely explanation for the lower DBC levels and low BPCA ratios in the
Rio Madeira.
2.4.4 Ultra-High Resolution Mass Spectrometry
Amazon DOM samples were characterized on the molecular level using
FTICR-MS. The highest number of DBC compounds was detected in the Rio Negro
samples, which may be expected when considering DBC in this region may be less
impacted by photochemical degradation, in comparison to the Rio Tapajós or from
removal through interactions with metals, which is hypothesized to occur in the Rio
Madeira. The DBC detected in the Rio Negro also had the highest intensity weighted
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average molecular weight (MW) at 354 Da in comparison to the other two tributaries
sampled (Table 2.1). This is consistent with the overall bulk DOM as well in which the
Rio Negro exhibited the highest mass among the three tributaries sampled (Gonsior et al.,
2016). The number of detected DBC compounds and their average MW however were
not significantly different (p > 0.05) between the Rio Tapajós and the Rio Madeira
(Table 2.1). Although the lower number of detected compounds in the Rio Tapajós and
the Rio Madeira may be expected when considering potential sinks for more
polycondensed DBC in these regions, FTICR-MS may also be discriminating against
DBC in general because of an assumed low ionization efficiency of these compounds and
thus, making it rather difficult to observe clear trends. In addition, the low average
molecular weight of the compounds detected in these two tributaries (Table 2.1)
correlates with the variation in BPCA ratios, further suggesting that DBC compounds are
both lower in both molecular weight and polycondensed character within the Rio Tapajós
and the Rio Madeira. In summary, FTICR-MS was in general agreement with BPCA
method suggesting the more polycondensed DBC (noted by higher BPCA ratios) in the
Rio Negro was accompanied with a higher average molecular weight, and the less
condensed DBC observed in the Rio Tapajós and Rio Madeira was lower in molecular
weight (Table 2.1).
2.5 Conclusions
The results of the study suggest that local river biogeochemistry may have
significant impacts on the systematic processing of DBC in fluvial networks. The BPCA
ratios in the Rio Tapajós indicate that photochemistry may play a pivotal role in altering
DBC composition as has been previously alluded to in the marine environment (Stubbins
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et al., 2012). The clear waters of the Rio Tapajós may allow significant photodegradation
of DBC, whereas the high light absorbing capacity of CDOM in the Rio Negro shields
DBC from significant photochemical alteration. The DBC from the Rio Madeira on the
other hand is also less likely to be influenced photochemically because of the highly
turbid environment, however; the increased suspended sediment load and high iron
content make this region prime for DBC adsorption interactions or coprecipitation with
iron. While we were unable to demonstrate that adsorption of DBC to common clay
minerals is a significant geochemical process affecting DBC in aquatic environments,
laboratory experiments show that high molecular weight DBC is co-precipitated when
copious amounts of iron are present, as is the case in the Rio Madeira. The FTICR-MS
data were generally in agreement with BPCA data where the Rio Negro region had a
greater number of detectable DBC compounds that are higher in average molecular
weight in comparison to the Rio Tapajós and the Rio Madeira. While the cycling of DBC
throughout fluvial networks is still not well understood, the present study emphasizes the
importance of stream-specific biogeochemical characteristics in driving the fate and
transport of DBC in aquatic environments.
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CHAPTER III

PHOTODISSOLUTION OF CHARCOAL AND FIRE-IMPACTED SOIL AS A
POTENTIAL SOURCE OF DISSOLVED BLACK CARBON IN AQUATIC
ENVIRONMENTS
(Modified from Roebuck et al. 2017, Organic Geochemistry)
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3.1 Abstract
This study investigates the effect of photodissolution on the production of
dissolved black carbon (DBC) from particulate charcoal and a fire-impacted soil. A soil
sample and char sample were collected within the burn vicinity of the 2012 Cache La
Poudre River wildfire and irradiated in deionized water with artificial sunlight.
Photoexposure of the suspended char and soil significantly enhanced production of DBC
after 7 days of continuous exposure to the simulated sunlight. The increase was coupled
with an increase in the DBC polycondensed character. In agreement with this, molecular
characterization using Fourier transform-ion cyclotron resonance mass spectrometry
(FTICR-MS) showed an increase in the number of DBC molecular formulae detected and
in their average molecular weight, suggesting that increasing photoexposure is required
for dissolution of larger, more polycondenced DBC compounds. An increase in
molecular signatures with lower H/C ratio and higher O/C ratio after 7 days
photoexposure suggest increasing functionality of newly produced DBC with irradiation
time, and therefore photooxidation as a potential mechanism for the photodissolution of
BC. The photoproduced DBC was also strongly coupled with the photoproduced bulk
dissolved organic carbon (DOC). The results suggest that photodissolution may be a
significant and previously unrecognized mechanism of DBC translocation to aquatic
systems.
3.2 Introduction
Black carbon (BC) is an organic residue formed through incomplete combustion
of biomass and is ubiquitous in the environment (Goldberg, 1985; Schmidt and Noack,
2000). BC is heterogenic by nature, and includes wide array of compounds comprising a
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continuum of lightly charred biomolecules to highly condensed aromatic material formed
from high temperature combustion. Roughly 80% of BC deposited in soils is in the form
of char, where it can remain for up to a millennium due to its recalcitrant nature (Preston
and Schmidt, 2006). However, a significant portion of the BC pool can be translocated to
the aqueous phase as dissolved BC (DBC). Using benzene polycarboxylic acid (BPCA)
markers as tracers for DBC comprised predominately of condensed aromatic units, a
recent study found that on a global scale, DBC accounts for roughly 10% of dissolved
organic carbon (DOC) in river systems (Jaffé et al., 2013). This coupling of DBC with
DOC suggests that biogeochemical mechanisms controlling the release of DBC to aquatic
ecosystems are similar to those of DOC.
While the translocation of BC from particulate charcoal to the dissolved phase is
not well understood, it has been suggested that, like the generation of DOC from soil
organic matter (OM), long term microbial oxidation is a major factor in the release of
DBC from charcoal in soils (Hockaday et al., 2006). On the other hand, photodissolution
of particulate organic carbon (POC) to DOC has also been shown to be a significant
process in the generation of DOC in aquatic systems (Mayer et al., 2006,, 2012; Pisani et
al., 2011; Shank et al., 2011), which might then be further photodegraded once in
solution (Mopper et al., 1991). While there is currently only limited information on the
photochemical transformation of DBC, photodegradation has been shown to
preferentially remove DBC relative to bulk DOC (Stubbins et al., 2012; Wagner and
Jaffé, 2015). Due to the highly aromatic nature of BC, it is expected that charcoal might
also be prone to follow similar photochemical transformation pathways as soil OM,
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leading to the potential translocation of particulate black carbon (PBC) to DBC in aquatic
systems.
The ubiquity and stability of BC in the environment may have an important
impact on the global biogeochemical cycling of organic carbon as significant amounts of
BC may not be only sequestered in soils, but further mobilized and transported
throughout the environment. An understanding of biogeochemical processes involved in
the mobilization of BC is therefore of increasing importance. The goal of the present
study was to investigate the potential photochemical release of DBC from two particulate
sample types: fire-impacted soil and wood char formed during a wildfire event. We
hypothesized that significant photodissolution of BC would occur upon irradiation of
both soil and char. It was further hypothesized that the photochemical oxidation of BC
would be a driving mechanism for the photodissolution of BC, as observed for bulk DOC
(Estapa and Mayer, 2010). These hypotheses were tested by quantifying DBC (using the
BCPA method) photoproduced from suspensions of soil and char in water and exposed to
simulated sunlight. Light-exposed and dark control samples were also characterized using
Fourier transform-ion cyclotron resonance mass spectrometry (FTICR-MS) to observe
molecular level changes in DOC and DBC composition during irradiation.
3.3 Methods
3.3.1 Sample Collection
The soil and char samples were collected within a burned area of the Cache La
Poudre River watershed near Fort Collins, Colorado, which was described by Wagner et
al. (2015). The burn occurred in June of 2012, encompassing roughly 350 km2 of the total
watershed (< 10%) and samples were collected roughly 1 year after the burn. Soil BC

36

concentrations have been reported as high as 33.83 g/kg in highly burned areas of the
Poudre River watershed (Boot et al. 2015). The char sample was collected by physically
scraping surface char from the burned surface layer of a pine tree trunk at a height of
about 1 m above ground. The soil sample was collected in an area near burned shrub-like
vegetation within the vicinity of the tree from which the char sample was collected.
Samples were stored in the dark at -20 ˚C until processing.
3.3.2 Experimental Setup
Samples were dried for 48 h before being ground and passed through a 30 mesh
sieve. The soil and char samples were mixed with deionized water in pre-combusted
quartz flasks at a final concentration of 3.33 g/l (0.5 g in 150 ml). Each individual sample
flask was representative of a single measurement. Flasks containing light exposed
samples were covered with quartz plates and flasks containing dark controls were
covered with Al foil and wrapped in black plastic bags. All samples were placed in a
circulating water bath kept at 25 ˚C, with vigorous shaking at 100 RPM to induce
suspension of particulates for the duration of the experiment. The samples were incubated
in a solar simulator (Suntest XLS+, Atlas Material Testing Technology LLC) set at 765
W/m2, which provided exposure conditions equivalent to roughly 4 days natural sunlight
per 24 h photoincubation period in the solar simulator. The highly turbid nature of these
samples was expected to shield newly generated DOC (Pisani et al., 2011) and DBC from
further photochemical degradation (Stubbins et al. 2012) throughout the photoincubation
period. Triplicate light and dark samples were removed from the solar simulator at 2, 4
and 7 days (equivalent to 8, 16, & 32 days natural sunlight) and filtered through a precombusted 0.7 µm GFF filter. A deionized water blank was also analyzed and recorded
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as time zero. Samples were analyzed for DOC with a Shimadzu TOC-V CSH total
organic carbon analyzer after acidification and purging with CO2 free air to remove
inorganic carbon.
3.3.3 Quantification of DBC
Samples were quantified at each time point for DBC using the BPCA method
described by Dittmar (2008). This method is based on the thermo-chemical oxidation of
the condensed aromatic compounds into polysubstituted benzene carboxylic acids, whose
distribution patterns provide an indication into the overall condensed aromaticity of the
DBC represented.
To describe the method, briefly, the DOM was extracted using solid phase
extraction (SPE) with Varian Bond Elut PPL cartridges (Dittmar et al., 2008). Aliquots of
the methanol SPE eluent containing ca. 0.2 mg DOC were dried under N2 in combusted
2 ml glass ampoules. The DOC was then oxidized with 0.5 mL HNO3 for 6 h at 160 ˚C
(Ding et al., 2013). The samples were then dried under N2 gas and the remaining BPCAs
redissolved in mobile phase buffer and quantified using a high performance liquid
chromatography (HPLC) instrument coupled with diode array detection (Surveyor,
Thermo Scientific). Separation of BPCAs was carried on a Sunfire C18 reversed phase
column (3.1 µm, 2.1 x 150 mm; Waters Corporation) using a elution gradient containing
mobile phase A (50 mM sodium acetate, 4 mM tertbutylammonium bromide, 10 %
methanol) and mobile phase B (100% methanol). These conditions have been further
described in detail by Dittmar (2008). BPCA oxidation and analysis were performed for
each individual sample in triplicates. The average coefficient of variation for these
analytical triplicates was less than 5%.
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3.3.4 Ultra-High Resolution Mass Spectrometry
Each SPE extract was diluted with methanol to 50 µg C/ ml and analyzed using
negative-ion electrospray ionization coupled with a custom-built 9.4 Tesla FTICR-MS
instrument at the National High Magnetic Field Laboratory (Tallahassee, FL; Blakney et
al., 2011; Kaiser et al., 2011). Samples were introduced into the electrospray source at
400 nL/min with 200 scans being accumulated with a mass window up to 800 Da. A
“walking” internal calibration was applied to each mass spectrum (Savory et al., 2011)
prior to the assignment of molecular formulae with software developed at the NHMFL.
Samples were analyzed in triplicate with a 3% average standard deviation in the number
of assigned molecular formulae across all samples.
3.4 Results
3.4.1 Photoproduction of DBC
Photoexposure of the soil and char significantly enhanced the production of DBC
(n = 3, p < 0.05; Table 3.1). Normalized to initial POC concentration, photoexposed
char and soil produced up to 1.63 ± 0.16 mg/l/g C and 4.6 ± 0.1 mg/l/g C of DBC
respectively over the 7 day photoincubation period. These abundances were significantly
greater (n = 3, p < 0.05) than the DBC in the dark controls for both the char
(0.67 ± 0.01 mg/l/g C) and soil (1.22 ± 0.03 mg/l/g C) over the same period. By
subtracting DBC concentration of the control sample from the light exposed sample, the
amount of additional DBC produced from photodissolution (p-DBC) at 7 days was
0.96 ± 0.15 mg/l/g C and 3.42 ± 0.13 mg/l/g C for the char and soil respectively
(Figure 3.1). While this was significantly greater than the amount of p-DBC produced at
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two days for each sample, it appears in each case the p-DBC may be reaching an
equilibrium after approximately 4 days (Figure 3.1).
The BPCA ratio [(B5CA+B6CA)/(B3CA+B4CA)] was used to monitor changes
in DBC character during the photoincubation period. The ratio is used to describe
condensed aromaticity of DBC where a higher relative abundance of B5CA and B6CAs
compared to B3CA and B4CAs implies a greater degree of polycondensed DBC. The
light exposed char and soil samples each showed a significant increase (n = 3, p < 0.05)
in the BPCA ratio throughout the photoincubation period (Table 3.1). The BPCA ratio
from DBC generated from the char increased from 0.50 ± 0.03 to 0.85 ± 0.04 from 2 to
7 days light exposure. An increase in BPCA ratio from 0.59 ± 0.03 to 0.77 ± 0.01 was
also observed for DBC generated from the photoexposed soil sample from 2 to 7 days
irradiation. For the char dark control samples, the BPCA ratio increased only slightly
from 0.49 ± 0.02 to 0.58 ± 0.04 from 2 to 7 days, and there was no overall net change in
the ratio from the dark control soil samples at 2 (0.44 ± 0.02) and 7 days (0.47 ± 0.01).
3.4.2 Photoproduction of DOC
Patterns of photochemical changes in the bulk DOC varied between the char and
soil. For the char, a significantly greater amount of DOC was produced in light exposed
samples (16.89 ± 0.53 mg/l/g C) compared with the dark controls (13.52 ± 0.36 mg/l/g C)
after two days irradiation (n = 3, p < 0.05). However, unlike the p-DBC, no significant
increase was observed for the photodissolved DOC (p-DOC) throughout the
photoincubation (Table 3.1). The molar proportion of p-DBC to p-DOC (p-DBC%) for
the char sample increased from 10.34 ± 2.12% to 24.91 ± 13.42% from 2 to 7 days.
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Table 3.1: Photodissolution experimental data. (nd = not detected, a (-) indicates value was not calculated because of a nd
response). p-DBC and p-DOC were calculated by subtracting the dark DBC and DOC concentrations from the light DBC and
DOC concentrations, respectively. Errors represent 1 standard deviation from the mean
Char
DOC (mg/l/g C)
Time
(days)

Light

0 (blank)

Dark
0.2 ± 0.2

DBC (mg/l/g C)
p-DOC

Light

-

Dark

BPCA ratio
p-DBC

Nd

Light

DBC (%)
Dark

-

Light

-

Dark

p-DBC(%)

-

2

16.89 ± 0.53

13.52 ± 0.36

3.36 ± 0.64

1.15 ± 0.01

0.81 ± 0.02

0.35 ± 0.02

0.50 ± 0.03

0.49 ± 0.02

6.85 ± 0.21

5.98 ± 0.24

10.34 ± 2.12

4

15.29 ± 0.64

10.37 ± 0.60

4.92 ± 0.87

1.42 ± 0.12

0.62 ± 0.03

0.80 ± 0.12

0.65 ± 0.03

0.44 ± 0.06

9.28 ± 0.92

4.23 ± 2.10

16.37 ± 3.96

7

16.07 ± 1.82

12.20 ± 0.78

3.87 ± 1.98

1.63 ± 0.16

0.67 ± 0.01

0.96 ± 0.15

0.85 ± 0.04

0.58 ± 0.04

10.16 ± 1.51

4.97 ± 0.67

24.91 ± 13.42

Soil
DOC (mg/l//g C)
Time
0 (blank)

Light

Dark

0.067 ± 0.005

DBC (mg/l/g C)
p-DOC

Light

-

Dark

BPCA ratio
p-DBC

Nd

Light

-

DBC%
Dark

Light

-

Dark

p-DBC%

-

2

22.46 ± 0.67

10.28 ± 0.38

12.1 ± 0.77

2.52 ± 0.11

0.74 ± 0.02

1.79 ± 0.12

0.59 ± 0.03

0.44 ± 0.02

11.25 ± 0.60

7.17 ± 0.33

14.71 ± 1.31

4

33.17 ± 1.31

10.42 ± 0.33

22.7 ± 1.35

4.19 ± 0.12

1.00 ± 0.02

3.19 ± 0.13

0.69 ± 0.02

0.46 ± 0.01

12.64 ± 0.63

9.62 ± 0.38

14.03 ± 1.00

7

38.45 ± 2.48

12.48 ± 0.76

26.0 ± 2.59

4.63 ± 0.12

1.22 ± 0.03

3.42 ± 0.13

0.77 ± 0.01

0.47 ± 0.01

12.06 ± 0.84

9.78 ± 0.65

13.15 ± 1.41
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For the soil sample exposed to light, the bulk DOC increased significantly (n = 3,
p < 0.05) in concert with the DBC. The DOC produced in light exposed samples
(22.46 ± 0.67 mg/l/g C) was more than 2x that of the DOC in the dark control
(10.28 ± 0.38 mg/l/g C) at 2 days and increased in the light exposed sample to
38.45 ± 2.48 mg/l/g C at seven days. The DOC in the control sample increased slightly to
12.48 ± 0.76 mg/l/g C at 7 days. Thus, the amount of p-DOC generated from the soil was
25.96 ± 2.59 mg/l/g C after a 7 days exposure (Table 3.1). Unlike the char sample, there
was no significant change in p-DBC% for the light exposed soil sample, which averaged
13.96 ± 0.72% throughout the photoincubation.
3.4.3 Ultra-High Resolution Mass Spectrometry
FTICR-MS is a unique analytical technique that can be used to obtain structural
information about complex DOM matrices (Kujawinski, 2002; Sleighter and Hatcher,
2007). It provides high resolution separation of sample compounds with a mass accuracy
error of < 1 ppm (Stenson et al., 2003). A molecular formula can be assigned to resolved
peaks based on the molecular mass and detailed structural information for each sample
matrix can be obtained using the elemental compositions of assigned peaks. Here,
FTICR-MS was used for molecular characterization of the DOC produced from the
samples throughout the photoincubation. Compounds detected containing C, H, and O
were assigned a molecular formula and molecular weight (MW). The total number of
assigned formulas varied with each sample and ranged from 8,700 to 12,500 (Table 3.2).
A modified aromatic index, calculated using only the assigned molecular formula, was
used to identify condensed aromatic structures (DBC) detected with FTICR-MS (Koch
and Dittmar, 2006; Spencer et al., 2014). The DBC detected with FTICR-MS was defined
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as molecular formulae with a calculated modified aromatic index greater than or equal to
0.67 (Koch and Dittmar, 2006).
Irradiation of the char for 2 days produced 980 ± 41 unique DBC compounds,
which was not significantly different from the number of DBC compounds in the dark
controls (935 ± 17). However, the average MW of DBC compounds for the light exposed
samples was slightly larger than that for the dark control samples (Table 3.2). With
increasing irradiation time, the number of DBC compounds detected at seven days
increased to 1339 ± 44, concomitant with an increase in their average MW vs. the dark
control samples (Table 3.2).
Table 3.2: FTICR-MS information for light exposed samples and dark controls at 2
and 7 days. Errors represent 1 standard deviation from the mean.
Sample

Assigned Formulae

Assigned BC Formulae

Average BC MW .

Char Dark 2 days

9267 ± 170

935 ± 17

398 ± 1

Char Light 2 days

8789 ± 316

980 ± 41

407 ± 3

Char Dark 7 days

10804 ± 384

1106 ± 28

419 ± 4

Char Light 7 days

9127 ± 152

1339 ± 43

453 ± 4

Soil Dark 2 days

9039 ± 228

1936 ± 69

428 ± 1

Soil Light 2 days

12016 ± 1018

2498 ± 242

460 ± 7

Soil Dark 7 days

12501 ± 379

2901 ± 85

458 ± 2

Soil Light 7 days

11933 ± 268

2789 ± 27

457 ± 2

For the soil, the number of DBC formulae detected at 2 days was 2489 ± 242 in
the light vs. 1936 ± 69 in the dark, with the average MW for the light exposed samples
also being significantly higher (n = 3, p < 0.05; Table 3.2). Despite the significant
increase in DBC concentration during photoincubation, no significant increase in the
number of detected BC compounds or average MW was observed with increasing
irradiation time for the soil samples.
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3.5 Discussion
3.5.1 Photoproduction of DOC and DBC
Production of DOC through photodissolution of POC has been well studied for
soils from many different environments (Kieber et al., 2006; Mayer et al., 2006, 2012;
Pisani et al., 2011; Shank et al., 2011). However, information regarding the photoinduced
release of DOC from particulate charcoal and recently fire-impacted soils is unavailable.
Our results show that photodissolution accounted for up to 4.92 ± 0.87 mg/l/g C of the
DOC produced from the char sample and up to 25.96 ± 2.59 mg/l/g C of the DOC
produced from the soil sample. Photoproduction of DOC from the soil sample is also
greater than the DOC photoproduced from marine sediments in Florida Bay (4 mg/l/g C;
Shank et al., 2011) and from organic rich estuarine sediments in the Cape Fear River,
North Carolina (3 mg/l/g C; Kieber et al., 2006)]. It is also greater than the DOC
produced from sediments in a Texas estuary (up to 6.62 mg C/l/g C; Liu and Shank,
2015) and from a number of soils described by Mayer et al. (2012), however; it is
significantly less than the DOC produced from Everglades floc (259 mg C/l/g C; Pisani et
al., 2011). It is likely these differences can be attributed to use of different source
material, and also from different experimental conditions with higher POC loadings of
3.33 mg/l here when compared with other studies, such as the 1-2 mg/l used by Shank et
al. (2011) and Kieber et al. (2006) and 24 mg/l by Pisani et al. (2011).
As observed for the soil, the p-DOC was expected to increase throughout
photoincubation. However, no significant net change in p-DOC for the char sample was
observed from 2 to 7 days, suggesting an equilibrium between photodissolution and
photodegradation may have been reached (Table 3.1). Santín et al. (2015) have shown
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that > 50% of carbon in wood samples from a post Canadian wildfire is retained as
pyrogenic carbon, compared with roughly 25% in soil. Thus, it would be expected that
the bulk OC in the char is more recalcitrant and less water soluble than the soil sample.
Thus, the more recalcitrant nature of the char sample may explain why the DOC did not
continue to increase throughout photoincubation when compared with the soil sample.
Contrary to the bulk DOC from the char, an increase in p-DBC was observed
throughout the 7 day photoincubation period, which was coupled with an increase in the
apparent condensed aromaticity of DBC as evidenced by an increase in BPCA ratio
(Table 3.1). A similar increase in both p-DBC and BPCA ratio was observed for the soil
sample. This would suggest that larger, more polycondensed BC compounds are entering
the dissolved phase with increasing light exposure time.

Photoproduced DBC (mg L-1 gC-1)

4
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2.5
2

1.5
1
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Char DBC

7

Soil DBC

Figure 3.1: Graph showing change in amount of photoproduced DBC over the 7 days
photoincubation. Error bars represent 1 standard deviation from the mean.
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Estapa and Mayer (2010) have shown evidence that DOC became more
oxygenated as it was photodissolved. Thus, an increase in BPCA ratio with light
exposure would not be unexpecte, as larger BC compounds would presumably need to
become more functionalized (i.e. oxygenated) to increase their polarity before they are
soluble enough to be transferred to the dissolved phase. It has been suggested that under
unique environmental conditions (low pH, high Fe and high DOC), new ‘BC like’
compounds are formed from irradiation of terrestrial OM and flocculated in the form of
POC (Chen et al., 2014). However, analysis of these new FTICR-MS based ‘BC like’
compounds has yet to be performed through quantitative means, such as the BPCA
method. Additionally, evidence for the photoproduction of DBC from DOC has not been
observed in other studies (Stubbins et al., 2012; Wagner and Jaffé, 2015). This study
provides proof of concept that the production of DBC can occur photochemically from
char and soils, likely following similar mechanisms as those described by Estapa and
Mayer (2010) for DOC generated from soil OM.
The char and soil photoincubations at 2 and 7 days exposure were characterized
using FTICR-MS with molecular formulae and MW being assigned for greater than
8,500 compounds in each of the samples. Van Krevelen diagrams were created using the
H/C and O/C ratios of assigned molecular formulae to show differences in molecular
composition between samples. Figure 3.2a shows example van Krevelen diagrams for the
char sample exposed to light at 2 and 7 days respectively. These van Krevelen diagrams
represent the unique molecular formulas detected with respect to each sample in
comparison to its counterpart. All molecular formulas common to the two samples were
removed to emphasize the major compositional changes for each sample between two
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and seven day treatments. As observed in Figure 3.2a, a general shift to lower H/C values
and higher O/C values is apparent with a longer photoincubation time suggesting the bulk
DOC becomes more oxygenated with increasing light exposure. This observation is
supported by an increase in both the number and average MW of identified BC
compounds after 7 days exposure (Table 3.2). The latter further supports the hypothesis
that more extensive light exposure is required for the oxidation of larger BC compounds
prior to their transfer to the dissolved phase. Comparison of the unique molecular formula
for light and dark samples at 7 days (Figure 3.2b), presented in a similar format as those
in Figure 3.2a, supports the trend of increasing DBC in the light-exposed samples to be a
consequence of photoexposure rather than resulting from a leaching process. The lower
H/C values in Figure 3.2b, along with increasing number of BC molecular formulae and
their average MW (Table 3.2) in the light vs. dark samples, suggest that the BC actively
undergoes photodissolution.
The trend of simultaneous increases in DBC concentration and BPCA ratio is
consistent between the soil and char samples. However, the molecular composition of the
soil sample was expectedly more complex than the char sample (based on FTICR-MS,
with the total number of ca. 12,000 molecular formulas for light exposed samples for the
soil vs. ca. 9,000 for the char; Table 1). No significant changes in the number of detected
DBC molecular formulas or average MW were observed for the light exposed soil sample
at 7 days compared to the light exposed sample at 2 days (Table 3.2). This is in contrast
to the trend observed for the char sample. In addition, there was roughly twice the
number of assigned BC compounds detected in any soil sample vs. the char samples. This
would suggest that the soil BC might have already been further degraded/oxidized vs. the
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a

b
Figure 3.2: FTICR-MS data in the form of van Krevelen diagrams displaying (a)
unique molecular formulae identified as a comparison of light samples at 2 and
7 days, and (b) unique molecular formulae identified as a comparison between the
light exposed char and the dark controls at 7 days. Note: The unique molecular
formulae are defined as those that are not detected in the comparison sample (i.e., all
molecular formulae that were detected in both samples were removed from the van
Krevelen diagrams).
char sample, or that the soil sample also contained charcoal from older fires in the region.
This is supported by strong coupling of DBC and DOC for the soil where 14% of the
p-DOC was represented as p-DBC consistently throughout the photoincubation period.
With aged BC in soils being more oxidized and water soluble (Abiven et al., 2011), the
increase in p-DBC from the soil sample is likely from continuous production of more
similar DBC compounds throughout the photoincubation, thereby explaining the lack of
new DBC compounds detected with time. This is in contrast to the PBC for the char,
which has not likely experienced such weathering conditions as PBC in the soil. Thus the
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char has a clearer path of photodissolution via photooxidation resulting in the continuous
production of new, unique DBC compounds throughout the photoincubation period vs.
the soil sample.
3.5.2 Mobilization of BC
BC is considered highly recalcitrant, yet current estimates suggest that 26.5
million metric tons is annually transported from rivers to the ocean in dissolved form
(Jaffé et al., 2013). This mobilization of BC in rivers is best understood to be the result of
long-term microbial oxidation of charcoal in soils before it is released in the dissolved
phase. For instance, using FTICR-MS, Hockaday et al. (2006) observed an increase in
aromatic structures enriched with O-containing functional groups in water soluble soil
products that had experienced a century of degradation in a forest environment. Abiven
et al. (2011) also reported increased aromaticity and oxidation in the soluble products
from aged charcoal. It has also been shown in a Brazilian tropical biome that DBC is still
mobilized from soils even decades after the most recent burn event (Dittmar et al., 2012).
While enhanced solubilization due to long term biotic processing of char in soils might be
a critical factor in determining the mobility of BC from soils to aquatic systems, results
from this study show that photochemical processes may also contribute to the
mobilization of soil BC. In fact, a significant portion of the photoproduced DOC
comprised of DBC (up to 25% for light exposed char and on average 14% for light
exposed soil). This coupling behavior between DBC and DOC clearly suggest that these
carbon pools are photodissolved through similar mechanisms. While these preliminary
experiments provide ‘proof of concept’ for photodissolution as a potential mechanism in
the mobilization of BC from soils to water, the process may likely be most prominent for
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surface soils (Mayer et al., 2012) in shallow aquatic systems and in systems with high
sediment resuspension. At this point, however, the relative contributions of abiotic vs.
biotic processes in mobilization of DBC in aquatic systems remain to be explored.
3.6 Conclusions
This is the first report to show photodissolution as a potential source of DBC in
the aquatic environment. Photoproduced DBC increased significantly in the
photoexposed soil and char samples. The increase in DBC concentration and
polycondensed aromatic character in the char sample was complemented with
FTICR-MS data showing an increase in the number of BC compounds detected and their
average MW. A shift toward lower H/C and higher OC values in van Krevelen diagrams
also showed photooxidation as a potential pathway in the photodissolution of BC.
DBC accounted for up to 25% of the photoproduced DOC for the char and 14%
for the soil suggesting photodissolution may be a significant, short-term mechanism for
mobilization of BC from freshly charred biomass and from older, more degraded
charcoal particles. The coupling between DBC and DOC is consistent with the literature
(Jaffé et al., 2013) and may imply that photochemical processes regulating the fate and
transport of DBC and DOC in aquatic systems are related. While the overall extent to
which photodissolution accounts for production of DBC in the aquatic environment
remains unknown, it is expected that the mobilization of BC through photodissolution
would be most prominent in near shore shallow environments with increased light
penetration or in areas with a high amount of suspended sediment. For instance,
resuspension of soils from alluvial fans in Colorado may provide a continuous long-term
supply of DBC produced from photodissolution as pyrogenic carbon has historically
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accumulated in these areas (Cotrufo et al. 2016). However, in order to extrapolate the
results from this study on photodissolution of BC into environmental applications on a
global scale, future research should focus on the quantitative assessment of
photodissolution from different types of soils and chars over a wide range sources and
PBC content and under a variety of environmental conditions. In addition,
photodissolution kinetics and mass balances should be used to further investigate the
relationship between PBC and p-DBC including the mineralization of PBC during
photoexposure as well as the further degradation of the newly generated DBC (Stubbins
et al. 2012). The data presented here are proof of concept that photodissolution of PBC
may be a previously unrecognized and potentially significant source of DBC in aquatic
systems, which merits further study.
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CHAPTER IV

HYDROLOGICAL CONTROLS ON THE SEASONAL VARIABILITY OF
DISSOLVED AND PARTICULATE BLACK CARBON IN THE ALTAMAHA
RIVER, GA
(Submitted to Journal of Geophysical Research: Biogeosciences, 2018)

55

4.1 Abstract
Rivers play a critical role in the annual transport of organic material from
terrestrial to marine environments. A significant portion of this material is black carbon
(BC), a thermogenic residue formed from incomplete combustion of biomass and fossil
fuel combustion. Black carbon is mobilized in fluvial systems as both particulate BC
(PBC) and dissolved BC (DBC) and the export of BC to coastal environments may have
significant implications for carbon cycling in marine environments. However, while little
is known regarding the potential connectivity between riverine export of PBC and DBC,
current knowledge suggests that fluvial export of PBC and DBC are decoupled in small
fire-impacted watersheds. The present study aims to further address the subject, but on a
watershed scale. For this study, thirteen monthly samples were collected (Sept. 2015 Sept. 2016) near the mouth of the Altamaha River, Georgia. Particulate black carbon and
DBC were characterized using the benzenepolycarboxylic acid method. We show that
seasonal hydrology and regional shifts in high intensity storm events play a pivotal role
for both PBC and DBC export during high flow months. During baseflow, groundwater
transports DBC derived from deep-soil charcoal, whereas evidence of seasonal salt-water
intrusions suggest an additional estuarine contribution of PBC at the sampling location.
An apparent coupling between DBC and PBC was observed during baseflow, although
the association was disrupted during high flow periods. While this is the first report of
potential coupling between DBC and PBC, environmental drivers controlling this
association between DBC and PBC remain to be constrained.
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4.2 Introduction
Rivers export around 0.5 Pg of organic carbon (OC) to oceans annually making
them an important link between terrestrial and aquatic ecosystems (Cai, 2011). This
carbon pool can be exported from the terrestrial environment in dissolved (DOC) and
particulate (POC) forms, both of which play pivotal roles in ecosystem function and
carbon cycling (Spencer et al., 2016). The mobility of OC is closely linked to watershed
hydrology, where often the greatest export is observed during periods of high water flow
that can be directly related to storm events as well as spring snow melts in high-latitude
climates (Holmes et al., 2012; Spencer et al., 2010). In fact, singular high intensity storm
events over a few days can be responsible for nearly half of the annual OC exported from
a watershed (Jeong et al., 2012; Yoon & Raymond, 2012). These high precipitation
events promote the flushing of near-stream organic rich soils leading to increased DOC
fluxes (Inamdar et al., 2011), whereas increased POC export can be related to soil erosion
and overland runoff (Dhillon & Inamdar, 2014). The shift in OC sources during high flow
events can also be coupled with a shift in OC composition. During high flow events,
surface soil flushing and overland runoff generates OC mainly derived from
allochthonous sources, such as humic and fulvic acids generated from decomposed leaf
and plant debris (Bianchi et al., 2004; Hedges et al., 1994) and specific biomarkers
derived from the primary vegetation (e.g., conifers; Medeiros et al., 2012). In contrast,
during baseflow, groundwater sources depleted of highly aromatic dissolved organic
matter (DOM) and rich in microbial and protein-like character contribute primarily to
streamflow (Hood et al., 2006; Inamdar et al., 2011; Raymond & Spencer, 2015).
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Organic matter (OM) sources and composition throughout a watershed cannot
only be linked to hydrology, but can also be influenced by watershed land use (Williams
et al., 2010; Wilson & Xenopoulos, 2008), forest management strategies (Yamashita et
al., 2011), and natural processes, such as fire activity (Santín et al., 2016). Fire activity in
particular is becoming increasingly common as a result of forest and agricultural
management practices (U.S. EPA, 1998; Sanberg et al., 2002). However, higher intensity
wildfire events are also becoming more frequent as a result of rising global temperatures
and are expected to become more prevalent with continued climate change (Flannigan et
al., 2009; Krawchuck et al., 2009). Whether through management practices or climateinduced wildfires, fire activity within a watershed can significantly alter the OC pool.
Biomass burning as well as anthropogenic activities (such as fossil fuel combustion)
thermogenically alter organic matter to generate a combustion derived carbon pool with a
heat-induced molecular signature, otherwise known as pyrogenic carbon (PyC; Goldberg,
1985). Pyrogenic carbon is represented across a combustion continuum from low
temperature derived anhydrosugars to highly condensed polycyclic aromatic soot
particles formed at higher combustion temperatures (Masiello, 2004). This condensed
aromatic fraction of the PyC spectrum is more commonly referred to as black carbon
(BC; Masiello, 2004; Preston & Schmidt, 2006).
Post fire activity, BC becomes incorporated into soils and due to its highly
aromatic nature, is expected to be largely refractory and remain on millennial time scales
(Bird et al., 2015). However, a fraction of this material can be partially oxidized and
mobilized in aquatic environments as dissolved BC (DBC; Abiven et al., 2011; Hockaday
et al., 2006; Roebuck et al., 2017). The relative proportion of BC translocated from the
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particulate to the dissolved phase is still relatively unknown, however; DBC has been
reported to be coupled to the bulk DOC pool and represents about 10% of the global
DOC flux from the terrestrial to coastal systems (Jaffé et al., 2013). Similar to DOC, the
export of DBC has been closely linked to watershed hydrology where storm events and
spring snow melt lead to flushing of DBC from organic rich upper soil horizons leading
to an enrichment of DBC under high flow conditions (Dittmar et al., 2012; Stubbins et
al., 2015). The link between DBC concentration and watershed hydrology has also been
observed in a watershed with recent wildfire activity (Wagner et al., 2015a). However,
surprisingly there appears to be no clear link between recent fire activity and DBC export
(Ding et al., 2013; Myers-Pigg et al., 2015; Wagner et al., 2015a). On the contrary,
mobilization of the pyrogenic carbon in the form of particulate BC (PBC) is enhanced in
fire-impacted watersheds (Moody & Martin, 2001; Wagner et al., 2015a; Pyle et al.,
2017), and rivers may be a significant contributor of PBC to coastal environments (Santín
et al., 2016; Leorri et al., 2014).
Particulate black carbon may also enter aquatic systems through a variety of other
mechanisms such as aeolian transport followed by dry or wet deposition (Bird et al.,
2015). Further sources of PBC in aquatic systems may also be a function of DBC through
sorption onto suspended solids and particulate organic material (Coppola et al., 2014;
Zigah et al., 2012). While local hydrology can mobilize both PBC and DBC, there has
been no indication that DBC and PBC exported from fluvial systems are directly coupled
(Wagner et al., 2015a; Wang et al., 2016). Although PBC and DBC can be linked
biogeochemically during fluvial transport (e.g., sorption processes, photochemistry),
seasonal shifts in BC sources have been noted in anthropogenically impacted watersheds
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(Wang et al., 2016). A combination of seasonal differences in sources, biogeochemical
processing, as well as the variability in wildfire influence on BC export likely limits the
establishment of a correlation between DBC and PBC. However, the available
information in the literature is quite limited (Wagner et al., 2015a; Wang et al., 2016).
To our knowledge, there are currently only a few studies in which simultaneous
measurements of both DBC and PBC are compared (Wagner et al., 2015a; Wang et al.,
2016; Xu et al., 2016). Thus, additional information is needed to elucidate the potential
inter-relationship between DBC and PBC in fluvial systems. Considering a forecasted
increase in pyrogenic carbon production with on-going climate change, it is increasingly
important to elucidate the biogeochemical processes and environmental drivers
controlling the land-to-river transfers of BC with efforts to constrain current BC budgets
and understand its importance on global carbon cycling. In this study, DBC and PBC
were measured monthly in tandem and compared over a year-long sampling regime in the
Altamaha River, Georgia. The major objectives of this study were to compare the
primary hydrological drivers of DBC and PBC export and to determine if a link between
these two BC phase exists on a large watershed scale. We hypothesized that watershed
hydrology would play a pivotal role in the seasonal export of both DBC and PBC in the
Altamaha River. Furthermore, we hypothesized that the relationship between DBC and
PBC on a large watershed scale may be different in comparison to the decoupled
relationship observed on localized scales (Wagner et al., 2015a) as bulk OM becomes
homogenized during transport downstream (Creed et al. 2015).
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4.3 Methods
4.3.1 Altamaha River Watershed Description
The Altamaha River watershed is located within the southeastern United States
and drains roughly 36,000 km2 (25%) of Georgia’s land mass (Figure 4.1). Its main
tributaries, namely the Ocmulgee and Oconee Rivers, both have their source in the
Georgia piedmonts and converge near Lumber City to form the Altamaha River. These
two tributaries contribute about 75% of the water flow to the Altamaha River, which has
an average annual water discharge of 400 m3/s to the Atlantic Ocean. Water discharge
reaches annual maxia in winter/early spring (Dai & Sun, 2007). The upper watershed
primarily in the Georgia Piedmonts can be characterized by rolling hills and soils
primarily characterized as ultisols, which are relatively acidic, highly weathered soils
characterized by sub-soils enriched with clay particles including kaolinite and iron-oxides
(US Department of Agriculture). In contrast, the lower Altamaha River lies in the nearly
flat southern Georgia coastal plains with a diversity of soils including both ultisols and
spodosols. Similar to ultisols, spodosols form from weathering processes, but are
typically formed in sandy parent materials and are quite porous due to their highly coarse
texture. Each soil type consist of relatively similar soil organic carbon contents ranging
from ca. 5 to 25 kg/m2 (Buringh 1984).
Anthropogenic activity is generally highest in the upper Altamaha River
watershed where a significant portion of the Atlanta Metropolitan Area is drained
primarily by means of the Ocmulgee River, with a small fraction also drained by the
Oconee River (Figure 4.1). Fossil-fuel combustions is highest during winter months in
Georgia (U.S. EIA, 2017) with coal representing ~30% of Georgia’s energy consumption
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in 2015 (Georgia Environmental Finance Authority, 2016). Notable seasonal variations in
atmospheric fine particulate matter (PM2.5), polycondensed aromatic hydrocarbons, and
elemental carbon (i.e. BC) have been recorded in the Atlanta region with the highest
atmospheric concentrations during cooler months of November to February (Li et al.,
2009). Agricultural activity is also highest within the upper Oconee River sub-basin and
while still sporadic throughout the remainder of the watershed, generally declines
downstream (Weston et al., 2009). Agriculture generally consists of poultry, beef, soy,
and hay production (Schaefer & Alber, 2007). The lower watershed can be characterized
as having a higher degree of pristine wetland and natural forested areas (Weston et al.,
2009) primarily consisting of a mix between deciduous and evergreen forests. In addition,
forest fires in the southeastern United States contribute about 20% of PM2.5, with more
than one million acres being subjected to prescribed burning annually in Georgia alone
(Lee et al., 2005).
4.3.2 Sample Collection and Processing
4.3.2.1 Collection
Thirteen monthly samples were collected at the mouth of the Altamaha River near
Darien, Georgia (31.3378, -81.4501, Figure 4.1) from September 2015 to September
2016 (Appendix 4.1). Immediately after collection, ~ 4 L of riverine samples were
filtered (0.7 μm Whatman GF/F filters pre-combusted at 450 oC for 5 h), and aliquots
were collected for DOC analysis. Filters were stored at -20 ˚C until further POC and PBC
analysis. Filtrates (1-2 L) were acidified to pH 2 (using concentrated HCl), and DOM was
isolated using solid phase extraction (SPE) cartridges (Agilent Bond Elut PPL) and then
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eluted with methanol as described in Dittmar et al. (2008) for DBC analysis (see
subsection 2.3). The PPL extraction efficiency across all samples was 73 ± 8%.

Upper Watershed:
Precipitation
South River - Atlanta, GA

Central Watershed:
Precipitation
Oconee River - Dublin, GA

2
1

4
3

Lower Watershed:
Precipitation
Altamaha River - Doctortown, GA

5

Water Discharge
USGS - 02226160
Altamaha River - Everett City, GA

Figure 4.1: Map of Altamaha River Watershed with monthly sampling and USGS
information. Respective sub-basins are 1) Ocmulgee River, 2) Oconee River, 3) Little
Ocmulgee River, 4) Ohoopee River, and 5) Altamaha River. The black star notes the
monthly sampling station. The portion of the watershed draining from the Atlanta
Metropolitan Area is enclosed in a black circle. The locations of 4 USGS monitoring
stations used to collect precipitation (Atlanta, Dublin, & Doctortown) and water
discharge (Everett City) are displayed as black circles.
4.3.2.2 Bulk Analyses
After acidification and purging to remove inorganic carbon, filtered river samples
were analyzed for DOC using a Shimadzu TOC-V CSH total organic carbon analyzer.
TOC Quality control standards from ERA (Demand, WasteWarR, Lot#516, ERA) were
used to determine accuracy, which was 100.3%, with the analytical precision (as RSD) of
less than 5%. The POC and δ13C (POC only) analyses were performed on a Carlo Erba
elemental analyzer coupled to a Delta XP Thermo Finnigan isotope ratio mass

63

spectrometer, following fumigation with concentrated HCl to remove carbonates.
Isotopic values are expressed relative to the Vienna PeeDee Belemnite (VPDB) standard.
The analytical precision as RSD was < 2% for POC measurements and ±0.1‰ or better
(standard deviation) for δ13C signatures.
4.3.2.3 Optical Analyses
Absorbance and fluorescence measurements were obtained simultaneously using
an Aqualog (Horiba Scientific) equipped with a 150-W continuous output Xenon lamp.
Fluorescence spectra were corrected for inner filter effects as described by Ohno (2002)
and normalized to Raman scatter units. The specific UV absorbance (SUVA), an
indicator of DOM aromaticity, was calculated by dividing the decadic absorbance at 254
nm by DOC concentration (Weishaar et al., 2003). Units are reported in liters per
milligram of carbon per meter. A higher SUVA indicates a more aromatic DOM pool
whereas a lower SUVA indicates DOM that is less aromatic. The biological index (BIX),
a measure of recent autochthonous DOM contributions, was calculated as a ratio of
fluorescence intensity (excitation 310 nm; emission 380nm/430) previously reported by
Huguet et al. (2009). BIX values greater than 1 generally indicate recently produced/fresh
DOM whereas values less than 0.7 indicate low degrees of in-situ DOM production.
4.3.2.4 Hydrological Data
Water discharge data were obtained from the United States Geological Survey
(USGS) for each sampling period at the nearest monitoring station (Everett City,
02226160) roughly 20 km upstream from the sampling site. Seasonal precipitation
information was also collected from three USGS locations (Figure 4.1) to observe general
rainfall patterns throughout the watershed. These locations include the upper watershed
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within the South River in Atlanta, Georgia (USGS 02203900), the middle watershed in
the Oconee River near Dublin, Georgia (USGS 02223500), and the lower watershed near
Doctortown (USGS 02226000, Figure 4.1).
a

b

USGS - 02226160
Altamaha River– Everett City, GA

Upper Watershed: USGS - 022203900
South River - Atlanta, GA

c

Central Watershed: USGS - 02223500
Oconee River - Dublin, GA

d

Lower Watershed: USGS - 02226000
Altamaha River - Doctortown, GA

Figure 4.2: Water discharge (a) and daily rain data collected at USGS monitoring
stations in (b) the South River – Atlanta, GA, (c) the Oconee River – Dublin, GA, and
(d) the Altamaha River – Doctortown, GA
4.3.3 Quantification of DBC and PBC
Both DBC and PBC were characterized using benzenepolycarboxylic acids as
chemical markers for the highly condensed aromatic components of the pyrogenic carbon
spectrum. The individual monthly samples collected were analyzed in triplicate for BC
analysis. For DBC, a small amount of DOM extract (isolated by PPL cartridges and
eluted in methanol), containing ~0.2 mg of DOC was dried under a stream of nitrogen
gas in pre-combusted (500˚ C, 5.5 hours) 2 mL glass ampoules. The dried extract was redissolved in 0.5 mL concentrated nitric acid and thermo-chemically oxidized at 160 ˚C
for 6 hours to yield a suite of tri- to hexa-substituted BPCAs (Ding et al., 2013; Dittmar,
2008). Excess nitric acid was removed by a stream of nitrogen gas before quantification.
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The PBC oxidation was carried out in a similar manner to DBC; however,
additional clean up steps were required to remove potential metals and particulates that
interfere with the BPCA analysis (Wiedemeier et al., 2013). Briefly, filter papers
containing particulate organic material were added to 20 mL glass ampoules containing
2 mL concentrated nitric acid. Samples were heated at 160 ˚C for 6 hours to form
BPCAs, from which the sample was then passed through a pre-rinsed 0.7 µm Whatman
GF/F filter, followed by a cation exchange resin to remove metals. The eluent containing
BPCAs was collected and freeze-dried. The BPCAs were then re-dissolved in 1:1
methanol/water and again passed through a C18 SPE cartridge (Supelco) for removal of
apolar compounds. The BPCA containing eluent was again collected and freeze-dried.
For both DBC and PBC, BPCAs were separated and quantified using high
performance liquid chromatography (HPLC) coupled with photodiode array detection
(Surveyor, Thermo Scientific). Briefly, for both DBC and PBC, the extracted BPCAs
were redissolved in mobile phase A (50 mM sodium acetate, 4 mM tert-butylammonium
bromide, 10% methanol) and were separated on a Sunfire C18 reverse phase column
(3.1 µm, 2.1 x 150 mm, Waters Corporation) using an elution gradient consisting of
mobile phase buffer A and mobile phase B (100% methanol). Chromatographic
separation conditions are reported by Dittmar (2008). The analytical uncertainty for this
method was less than 5% for DBC and less than 10% for PBC. A conversion factor of
33.4[0.5(B3CA + B4CA) + B5CA + B6CA] was used to determine the BC
concentrations from individual BPCAs as reported by Dittmar (2008).

66

4.4 Results
4.4.1 Watershed Hydrology
Water discharge data collected from the mouth of the Altamaha River between
September 2015 and September 2016 suggest the existence of two primary hydrological
seasons within the watershed (Figure 4.2a). These consisted of a dry season (May to
November) characterized by moderate rain activity and low water discharge, and a wet
season (December to April) characterized by heavy rain events and high water discharge.
Heavy rainfall and storm events were highly variable throughout the wet season in the
watershed (Figure 4.2b-d) and led to three distinct high discharge events during the study
period (Figure 4.2a). The highest water discharge was observed in January 2016 peaking
at ca. 3200 m3/s and is driven by heavy rainfall events within the upper anthropogenically
impacted regions of the watershed (Figure 4.1, 4.2a-b). Two other prominent peaks in
discharge observed in February 2016 (ca.1500 m3/s) and April 2016 (ca. 1250 m3/s) are
linked to heavy rainfall events within the central region of the watershed where there is a
higher proportion of natural land cover (Figure 4.1, 4.2a,c; Weston et al. 2009). Heavy
rain events were minimal in the lower watershed (Figure 4.1, 4.2a,d) indicating that high
discharge peaks observed during the wet season were primarily driven by rainfall events
within the upper and central regions of the watershed. During periods of baseflow,
increases in salinity suggested estuarine intrusion at the sampling location (Appendix 4.1)
4.4.2 Seasonal Distribution of Dissolved and Particulate Organic Carbon
The DOC concentrations ranged from 6.1 to 12.6 ppm (Figure 4.3a) and were
positively correlated with water discharge (r = 0.75, p < 0.01). However, while the most
significant high discharge event was observed in January 2016, DOC peaked in
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April 2016 with concentrations more than 20% greater than that observed in January
2016 (Figure 4.3a). The SUVA values generally ranged between 3 and 6 and peaked
during periods of high flow (Figure 4.3c), whereas BIX generally ranged from 0.45 to
0.65 and peaked under baseflow conditions (Figure 4.3c).
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Figure 4.3: Seasonal patterns of DOC and POC related parameters in the Altamaha
River. (a) DOC concentration, (b) DOC flux, (c) BIX and SUVA, (d) POC
concentration, (e) POC flux, and (f) δ13C and salinity. The shaded region designates
the wet season. Water discharge is represented as a solid gray line.
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The POC displayed a similar seasonal pattern as DOC with the highest
concentrations observed in the wet season (up to 1.32 ppm, Figure 4.3d) compared to the
dry season (ca. 0.7 ppm). However, contrary to the DOC, a statistically significant
correlation between POC concentration and water discharge was not observed
(r = 0.48, p > 0.05). Throughout the sampling period, bulk δ13C generally ranged between
-26 and -28‰ (Figure 4.3f) and was not statistically significantly correlated with POC
concentration (r = 0.40, p > 0.05). However, a decrease in δ13C from -26.74‰ to
-30.78‰ was observed from March 2016 to April 2016 coinciding with an increase in
POC concentration from 0.52 ppm to 1.32 ppm.
4.4.3 Seasonal Distribution of Dissolved and Particulate Black Carbon
Seasonal parameters for DBC and PBC are presented in Figure 4.4 (a-c: DBC
related, d-f: PBC related). Seasonal DBC concentrations (Figure 4.4a) were highly
variable ranging from 0.27 to 0.45 ppm and were not correlated to either water discharge
(r = 0.15, p > 0.15) or DOC concentration (r = 0.00, p > 0.05). Unlike for DOC, DBC
concentrations exhibited a seasonal maximum in February 2016 (0.47 ppm) with a
minimum during the highest flow period in January 2016 (0.28 ppm; Figure 4.4a). Under
baseflow conditions however, DBC was present in higher concentrations reaching near
maximum values (ca. 0.43 ppm) in both pre- and post-high discharge months of October
2015 and August 2016 (Figure 4.4a).
Seasonal shifts in DBC composition were determined using the distribution of
BPCAs generated during the chemical oxidation of DBC (Dittmar, 2008). The BPCA
ratio is defined as the ratio of more substituted BPCAs (B5CA and B6CA) to less
substituted BPCAs (B3CA and B4CA). A greater proportion of B5CAs and B6CAs
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relative to B3CAs and B4Cas, and thus a higher BPCA ratio, is an indication DBC with a
more polycondensed signature (Ziolkowski et al., 2011). The BPCA ratio for DBC
(Figure 4.4c) was relatively consistent (1.1 ± 0.1) through the sampling period with the
exception of the high flow months when less polycondensed DBC signatures were
observed: January 2016 - BPCA Ratio: 0.53 and April 2016 - BPCA Ratio: 0.69.
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Figure 4.4: Seasonal patterns of DBC and PBC related parameters within the
Altamaha River. (a) DBC concentration, (b) DBC flux, (c) BPCA ratio (DBC),
(d) PBC concentration and salinity, (e) PBC flux, and (f) BPCA ratio (PBC) and
salinity. The shaded area designates the wet season. Water discharge is represented as
a solid gray line.
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The PBC concentrations reached a maximum during the high flow period in
January 2016 (0.25 ppm), at which point concentrations remained consistently low
throughout the remainder of the high flow season (< 0.1 ppm) until baseflow conditions
were reached and concentrations began to rise again (Figure 4.4d). PBC and POC were
not significantly correlated (r = 0.00, p > 0.05). Consistent with previous reports (Wagner
et al., 2015a; Wang et al., 2016), DBC and PBC were also not significantly coupled
(r = 0.07, p > 0.05). However, when considering samples only taken at low flow
(excluding January to April 2016) a positive correlation between DBC and PBC
(r = 0.78, p < 0.05) is observed suggesting potential coupling of these two parameters
under baseflow conditions. The BPCA ratio (calculated in the same manner as DBC),
commonly used to assess PBC character (Wiedemeier et al., 2015), was highly variable
for PBC (Figure 4.4f) with the most polycondensed PBC signature observed during both
winter storm events and during periods of baseflow where estuarine intrusion (noted by
increase in salinity) was evident (Figure 4.4f).
4.4.4 Organic Matter Fluxes from the Altamaha River
As expected, fluxes of DOC, POC, DBC, and PBC were predominately driven by
water discharge and thus, the highest fluxes were observed during the rainy season of
January to April 2016 (DOC & POC: Figure 4.3b,e; DBC & PBC: Figure 4.4b,e). DOC
fluxes ranged from ca. 40 Mg/day during baseflow to ca. 1100 Mg/day during the wet
season (peaking in January 2016), and POC fluxes ranged from ca. 4 Mg/day at baseflow
to ca. 90 Mg/day during the wet season (peaking in January 2016). PBC fluxes ranged
from less than 1 Mg/day during baseflow to ca. 29 Mg/day also peaking in January 2016.
For DBC, fluxes were ca. 3 Mg/day at baseflow, however; peak DBC fluxes were
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observed in February 2016 (49 Mg/day) compared to other parameters (i.e. DOC, POC,
and PBC), which peaked during the highest discharge event in January 2016. DBC fluxes
were notably lower in January 2016 as the lowest concentrations were observed during
this time (Figure 4.4a). By integrating the area under the flux curves using Riemann
sums, we were able to estimate the yearly flux of DOC from the Altamaha River to the
Atlantic Ocean to be 128 Gg/yr with DBC accounting for roughly 4% of the total DOC
export at 4.9 Gg/yr. PBC export (1.6 Gg/yr) represented roughly 13% of the total POC
export (11.4 Gg/yr) from the Altamaha River.
4.5 Discussion
4.5.1 Temporal Controls on Sources and Export of DOC
Water discharge and DOC were positively correlated (r = 0.75, p < 0.01) in the
present study suggesting that seasonal hydrology has a significant role in the export of
DOC from the Altamaha River. This observation strengthens the evidence for this DOCdischarge relationship that has been previously reported for a variety of climatic
conditions, including in Arctic systems (Holmes et al., 2012), tropical climates (Spencer
et al., 2010) and rivers draining temperate to subtropical climates (Bianchi et al. 2004).
Storm runoff events generally lead to flushing of upper soil layers that represent a source
of more aromatic, humic-rich DOM to rivers (Fellman et al., 2009; Hood et al., 2006;
Inamdar et al., 2011; Raymond & Saiers, 2010). This trend is also observed in the
Altamaha River where DOC concentrations increase in response to significant rainfall
during the wet season as observed in Figure 4.3a. An increase in SUVA from 3.94 to 6.25
from December 2015 to January 2016 further indicates the contribution of aromatic DOC
to the Altamaha River in response to the heavy rain events and flushing of organic-rich
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upper soil layers (Hood et al., 2006). Upon returning to baseflow after the April 2016
storm events, DOC concentrations decrease from 12.62 ppm and consistently remain
around 6.20 ppm. The decrease in DOC concentration is concurrent with a decrease in
SUVA (Figure 4.3c) and an increase in the BIX (Figure 4.3c) indicating a shift of sources
from mostly allochthonous derived DOM during winter soil flushing to an enrichment in
autochthonously derived DOM during summer baseflow conditions. Similar observations
have been reported in response to storm events in a forested watershed where SUVA
values peak around 6 during high discharge events (Inamdar et al. 2011). These results
are also consistent with other reports which indicate that rivers primarily sourced from
groundwater at baseflow have reduced contributions of highly aromatic humic like DOM
and larger contributions of autochthonous DOM sources and protein like fluorescence
(Hood et al., 2006; Inamdar et al., 2011; Shen et al., 2015).
4.5.2 Sources and Export of DBC during Low Flow Regimes
Selective fractionation, potentially as a consequence of sorption processes and
microbial processing of DOM, has also been linked to groundwater sources that are low
in highly aromatic and humic-rich DOM components (Maurice et al., 2002; Qualls &
Haines, 1991; Ussiri & Johnson, 2004). Thus, because of its associations with high
molecular weight DOM fractions (Wagner & Jaffé, 2015), we would have expected low
DBC concentrations under baseflow conditions, which would be consistent with previous
studies suggesting low DBC concentrations at baseflow in both arctic (Stubbins et al.,
2015) and tropical rivers (Dittmar et al., 2012; Marques et al. 2017). While our data is
generally in agreement with these observations, DBC peaked three times throughout the
monthly sampling regime, twice during baseflow periods, both prior to and after the
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major discharge peaks observed from January to April 2016 (Figure 4.4a). We
hypothesize that the higher DBC concentration spikes observed during the low-discharge
periods may suggest that shallow groundwater feeding the Altamaha River system at
baseflow may occasionally transport significant amounts of DBC derived from historical
charcoal deposits depending on seasonal weather conditions.
Mineral rich soils, which are relatively abundant throughout the Altamaha River
watershed particularly in the Georgia Piedmont regions (Bhatti et al., 2009; Shi et al.,
2001), have been shown to stabilize BC in deeper soil horizons, particularly those
enriched with iron complexes (Glaser et al., 2000). In the Altamaha River, ultisols
dominate the soil profiles in the upper watershed while spodosols become abundant in the
lower watershed (U.S. Department of Agriculture). Santos et al. (2017) reported
significant leaching of DBC from deep soil horizons, consisting primarily of iron rich
spodosols, with DBC composition comparable to that of aged charcoal. Dissolved black
carbon composition in the Altamaha River was described as a measure of polycondensed
character using the BPCA ratio (defined in section 4.4.2). The DBC composition during
baseflow remained relatively consistent with a BPCA ratio of ~1.1 indicating a BPCA
distribution similar to that of leachable DBC from deep soil charcoal deposits (Abiven et
al., 2011). The relative consistency in DBC composition under baseflow conditions
coupled with leaching of DBC from deeper soils horizons as described by Santos et al.
(2017) further supports the hypothesis that more oxidized DBC sourced from charcoal is
transported via groundwater from deeper soil horizons to the Altamaha River.
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4.5.3 Sources and Export of DBC during High Flow Regimes
During the wet season, a peak in DBC concentration (0.47 ppm) and the highest
DBC fluxes (49 Mg/day) were observed. Similar to DOC, the relationship between high
discharge and increasing DBC concentrations has been attributed to flushing of upper soil
layers in tropical environments (Dittmar et al., 2012). However, both DBC concentration
and flux were highest in February 2016 in comparison to DOC, which exhibited its
greatest flux in January 2016 (Figure 4.3b). Medeiros et al. (2015) showed that DOM
composition in the Altamaha-Doboy-Sapelo estuary is strongly modulated by river
discharge and that changes in the Altamaha River flow at monthly time scales
significantly influence the organic matter distribution in the entire estuarine system.
While it is currently unclear why the time lag between DOC and DBC is observed in
comparison to other studies, this time lag may be an indication that while high DOC is
released from flushing of upper organic rich soil layers, soil saturation and percolation to
deeper soil layers may be required for release of DBC into the system. We further note
the that our sampling period in January 2016 occurred about half way through the falling
limb of this high discharge event and thus, it is possible that an initial pulse of DBC
occurred prior to our sample collection. However, a considerable shift to lower BPCA
ratios observed in January 2016 (Figure 4.4c) may be indicative of systematic changes
within the watershed that lead to a less polycondensed DBC pool. For instance, a less
polycondensed DBC signature has been linked to biogeochemical processes such as
photodegradation (Stubbins et al., 2012) and interactions with iron precipitates (Riedel et
al., 2012). Black carbon also has a high affinity for iron rich soils (Glaser et al., 2000).
Thus for the Altamaha River watershed, in particular where mineral rich soils are
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abundant (Bhatti et al., 2009; Shi et al., 2001) and total iron concentrations within the
Altamaha River are around 25 µM (Xie et al., 2004), increased suspended sediment
yields because of higher discharge may induce interaction between DBC and iron rich
particulates, leading to a less polycondensed DBC pool. On the other hand, the less
polycondensed DBC character may indicate that DBC exported in January 2016 is not
primarily derived from charcoal sources typically found in the deeper soil layers, but may
be derived from anthropogenic sources such as combustion of fossil fuel (Ding et al.
2015).
Since DBC composition has also been linked to land-use (e.g., urban and
agricultural vs. natural; Wagner et al., 2015b), the observed seasonal shifts in BPCA
ratios may be an indication of temporal variations in DBC source that are driven by
regional shifts in heavy rainfall events throughout the watershed with variable land-use
regimes. The most intense storm events leading to the first high water discharge peak in
January 2016 occurred primarily in urban and agricultural areas within the upper
watershed of the Altamaha River system (Figure 4.2a,b). For example, the Atlanta
Metropolitan Area and neighboring agricultural areas received numerous days of heavy
rainfall events in late December, in some cases receiving upwards of 10 cm per day
(Figure 4.2b). For DOC, heavy storm events can induce the release of humic rich material
from agricultural areas (Eckard et al., 2017; Glendell & Brazier, 2014; Vidon et al.,
2008). However, the less polycondensed DBC character as indicated by a lower BPCA
ratio (0.53) coupled with the low concentrations (0.28 ppm) and DBC flux
(28.60 Mg/day) observed in January 2016 may likely be the result of enhanced DBC
contributions primarily originating from anthropogenically impacted areas (e.g., urban
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and agricultural) in the upper watershed. This hypothesis is supported by the fact that the
leachable fraction of fossil-fuel derived BC from soot material is less polycondensed in
character compared to DBC derived for natural land covers (Ding et al., 2015). While
atmospheric deposition may be an important transport route for the distribution of BC in
highly urban areas (Mari et al., 2017), surface runoff, particular in urban areas, may also
be an important transport mechanism for combustion-derived products (O’Malley et al.,
1996)
Peak DBC concentration (Figure 4.4a) and flux (Figure 4.4b) were observed in
February 2016. We have suggested this time lag between peak DOC (January 2016) and
the highest export of DBC (February 2016) may be a result of soil percolation and release
of DBC from deeper soil layers. However, when compared to January 2016, heavy
rainfall events regionally shift to predominantly downstream areas (Figure 4.1, 4.2b) in
which natural land cover (forest and wetlands) is more dominant over urban and
agricultural land use (Schaefer & Alber, 2007; Weston et al., 2009). Thus, the peak DBC
concentrations observed in February 2016 may be an indication that precipitation-induced
changes in regional hydrological flowpaths further incorporate organic rich soil layers
from the forested and wetland areas, leading to higher abundances of leachable
components from BC deposited in these regions. Flood plain areas within Georgia’s
Coastal Plain, which are rich in natural wetland and forested areas, are large sources of
organic matter to the main river channel (Cuffney, 1988; Webster & Meyer, 1997) and
thus, a peak in DOC concurrent to DBC in February 2016 could have been expected.
However, a lag between peak DBC and DOC concentrations has been observed in
previous studies (Wagner et al., 2015a) suggesting there may be some significant
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hydrological variability in DBC and DOC mobilization mechanisms. More extensive
higher resolution sampling should be performed to further elucidate the lag between peak
DBC and DOC concentrations observed during high discharge seasons.
Few rainfall events throughout the watershed in March 2016 (Figure 4.2b-d) led
to low water discharge concurrent with a decrease in DBC concentrations (Figure 4.4a)
and flux (Figure 4.4b). In April 2016, heavy rain events are again observed in the central
region of the watershed where higher proportions of natural land cover are dominant
(Figure 4.1, 4.2a,c). It may be expected that flushing of upper soil layers in this region of
the watershed with natural land cover would lead to a more polycondensed DBC pool.
However, DBC concentrations only slightly increased from March to April 2016
(Figure 4.4a) and a considerable decrease in the BPCA ratio (Figure 4.4c) from 1.17 to
0.69 was observed suggesting a less polycondensed pool of DBC exported from the
Altamaha River in April 2016. The reason for the less polycondensed pool of DBC is
unclear, however; the state of Georgia experiences most of its prescribed forest
management burnings in the month of March (Tian et al., 2008) and leachable DBC from
fresh chars are generally less abundant and less polycondensed compared to aged chars
(Abiven et al., 2011). Significant leaching of DBC has also been reported for recently
generated pine char (Wagner et al., 2017b), and thus, deposition of fresh char into upper
soil layers in March 2016 from prescribed fires may lead to leaching of less
polycondensed DBC during the April 2016 storm events. However, while numerous
studies have suggested a lack of a direct relationship between DBC export and fire
activity (Ding et al., 2013; Myers-Pigg et al., 2015), the immediate post fire response
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with respect to DBC and local hydrology remains to be determined (Wagner et al.,
2015a).
4.5.4 Decoupling Between DOC and DBC
Several recent studies have reported on the coupling between DOC and DBC in
fluvial systems, both globally (Jaffé et al., 2013) and on regional and temporal scales
(Dittmar et al., 2012; Stubbins et al., 2015). As such, while we hypothesized that this
relationship would also be observed across temporal scales in the present study, a linear
relationship between DOC and DBC was not observed (r = 0.00, p > 0.05). Therefore, it
is possible that this correlation becomes periodically uncoupled across the hydrogram on
large watershed scales. For instance, Myers-Pigg et al. (2017) showed that coupling
between low-temperature pyrogenic carbon and bulk DOC in the Yenisei River, a large
Arctic river, was disrupted under high flow conditions. Xu et al. (2016) further noted the
seasonal decoupling between DBC and DOC in the Huanghe River while also
highlighting the importance of local point sources on DBC export. In the Altamaha River,
regional shifts in monthly rainfall events and sources of organic matter throughout the
watershed likely contribute to the temporal decoupling of DBC and DOC through
flushing of soil layers in areas with varying degrees of natural and anthropogenic
influence. Distinct differences in the composition of DOM exported during storm events
have been observed among watersheds with varying degrees of natural and anthropogenic
land covers (Hood et al., 2006, Hu et al., 2016) further supporting the hypothesis that the
decoupling between DBC and DOC may be a function of both river hydrology and
watershed land use.

79

While DBC and DOC were not correlated, DBC typically represented between 2
and 8% of the bulk DOC pool, well within the range reported on a global scale of 0.1 to
17.5% (Jaffé et al. 2013). There was however no significant difference (students t-test,
p = 0.05) between the relative contributions of DBC to the bulk DOC pool during the wet
(3.8 ± 1.3%) and dry season (5.2 ± 1.1%) Based on monthly flux estimates, DBC
represented 4.9 Gg/yr of the 128 Gg/yr DOC exported from the Altamaha River during
the sampling period. Roughly 80% of both the total DOC and DBC export were during
the wet season (DOC: 106 Gg/yr; DBC: 3.8 Gg/yr) compared to the dry season (DOC:
22 Gg/yr; DBC: 1.1 Gg/yr) further suggesting that high discharge events lead to extensive
pulsing and mobilization of OC in fluvial systems (Raymond et al., 2016). These
hydrological shifts in sources and export of both DOC and DBC in response to storm
events are particularly important for the fate and transport of organic material to coastal
systems when considering the intensity of storm events is expected to rise with
increasingly warmer atmospheric temperatures (Knutson et al., 2010).
4.5.5 Hydrological Controls on the Export of POC and PBC
Though not statistically significantly correlated with water discharge
(r = 0.48, p > 0.05), POC was positively correlated to DOC (r = 0.85, p < 0.01) with each
following similar seasonal trends (Figure 4.3a,d). Similar to DOC, seasonal variation in
POC sources were also evident, notably due to shifts in δ13C throughout the sampling
period (Figure 4.3f). At base flow, POC was generally more enriched in 13C (Figure 4.3f).
Shifts to a less negative δ13C signature were most prominent when salinity measurements
above zero were recorded (Figure 4.3f) indicating some degree of estuarine influence at
the sampling location under baseflow conditions. This shift in δ13C signature would
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imply some mixed sources of POC that may include phytoplankton, or C4 vegetation that
is commonly found in Atlantic coastal marshes such as Spartina, both of which carry a
less negative δ13C signature compared to upland C3 vegetation (Peterson et al., 1985).
During the high water discharge period, the δ13C signature was generally more negative
than that observed in the dry season (Figure 4.3f). Particulate organic carbon typically
rises in response to water discharge as a result of sediment remobilization and erosional
inputs of POC from terrestrial sources (Voss et al., 2015), which would be expected to
have more negative δ13C values because of higher yields of C3 vegetation (Peterson et
al., 1985).
Similar to DOC, POC concentrations peaked at 1.32 ppm in April 2016
(Figure 4.3d) coinciding with a more negative δ13C value (-30.78‰, Figure 4.3f).
Although peak fluxes were still observed in January 2016 concurrent to the largest
discharge peak, the more negative δ13C and higher observed POC concentrations in April
2016 suggests a significant input of allochthonous organic material to the river during
this time. River main channels in Georgia receive significant input of organic matter from
flood plain sources, particularly through high loads of suspended particulates from litter
fall (Cuffney, 1988; Webster & Meyer, 1997). Furthermore, Weston et al. (2009) has
shown that the most significant OC inputs to the Altamaha River occur within the lower
watershed. Thus, the observed higher DOC and POC concentrations in April 2016 can
likely be attributed to allochthonous sources mobilized from the flood plains by the
heavier rain events in more downstream regions of the watershed.
The seasonal distribution observed for PBC was quite different from POC and the
two were not statistically significantly correlated (r = 0.00, p > 0.05). Although POC and
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PBC are not directly coupled, the PBC flux (1.6 Gg/yr) represented about 14% of the
total POC flux (11.4 Gg/yr) exported from the Altamaha River throughout the sampling
period. As expected, significant export of both PBC and POC were observed during the
wet season (PBC: 1.3 Gg/yr; POC: 9.2 Gg/yr) and was significantly higher compared to
the dry season (PBC: 0.3 Gg/yr; POC: 2.2 Gg/yr), which agrees with the suggestion that
there is enhanced mobilization and export of particulate material under high flow
conditions. However, there was no significant difference in the seasonal contributions of
PBC to the bulk POC pool (Students t-test, p = 0.05; dry: 15.3 ± 9.2%; wet: 14.8 ± 9.8%).
The roughly 14% contribution of PBC to POC is in the same order of values reported for
other large rivers, such as the Mississippi River (16-17%; Mitra et al., 2002) and a variety
of Chinese rivers (22 ± 11%; Xu et al., 2016). While only limited information is available
with respect to the relationship between PBC and POC, the decoupling of these two
organic matter pools comes contrary to reports which show a positive relationship
between PBC and POC export in two Chinese rivers (Wang et al., 2016). Similarly, a
positive correlation between PBC and suspended solids, which are generally relatable to
POC (Lewis et al., 1995), has been reported (Wagner et al., 2015a). The reason for this
disconnect between POC and PBC in the Altamaha River is unclear, although it may be
related to enhanced mobility of charcoal relative to bulk soil organic matter (Pyle et al.,
2017) and possibly to variations in the sources of PBC throughout the hydrograph. PBC
concentrations (Figure 4.4d) at base-flow prior to winter rain events were roughly
0.1 ppm and become diluted in November and December 2015 (< 1 ppm) due to a
number of low intensity rain events. Intense storm events that occured in late December
2016 within the upper watershed (Figure 4.2b) give rise to an increase in water discharge
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and an initial increase in PBC concentrations to a maximum of 0.26 ppm in January 2016
likely from mobilization through re-suspended sediments and/or introduction of PBC to
the main stem through overland runoff. While PBC becomes diluted in response to
continuous storm events throughout the remaining wet season, more concentrated values
typical for base-flow conditions are slowly restored after the April 2016 storm events
(Figure 4.4d).
4.5.6 Seasonal Variability in PBC Source
Sources of PBC during base flow appear to be linked to estuarine influences at the
sampling location as previous discussed. Evidence for this hypothesis is presented in
Figure 4.4d where PBC concentrations at base flow both pre- and post-winter storm
events peak during periods where salt-water intrusions are evident. A similar pattern is
also observed in the seasonal BPCA distributions where increases in PBC-BPCA ratio
from < 1 to ca. 1.25 are observed during base flow during periods of salinity intrusions
(Figure 4.4f). The BPCA ratio was used for PBC (defined in section 4.4.2) to assess the
relative degree of polycondensed character (Wiedemeier et al., 2015). However, similar
to DBC, using BPCA ratios solely as a means of source should be exercised with caution
as the biogeochemical controls on PBC degradation during riverine transport is not well
understood. Nonetheless, the higher PBC-BPCA ratio observed during baseflow when
saline intrusions are evident suggests significant estuarine influence that leads to a more
polycondensed source of PBC. While fire activity within Atlantic coastal marshes is
generally uncommon (Turner, 1988), lightning induced fires have been previously
recorded in Georgia’s coastal marshes (Kathryn & Bratton, 1988) and as such may likely
be a source of PBC (and DBC). Thus, and in agreement with the 13C values of the POC,
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we hypothesize that higher PBC values of a more highly polycondensed nature observed
during periods of tidal influence at the sampling location during baseflow may be in part
derived from historical fire activity within the Georgia coastal Spartina marsh system.
The PBC-BPCA ratio is lowest during baseflow from October to December 2015
(< 0.4, Figure 4.4f), which is immediately prior to the winter storm events and a time in
which there does not appear to be significant estuarine influence at the sampling location
(Figure 4.4f). The low PBC-BPCA ratio would imply a significantly less polycondensed
PBC signal during this period from October to December 2015. While this is a period of
low water discharge, we note that one of the four main tributaries to the Altamaha River
(Figure 4.1), the Oconee River, contributes consistently between 65 and 80% of the water
discharge to the Altamaha River (from October to December 2015) compared to ca. 40%
throughout the rest of the sampling period. The Oconee River tributary has extensive
agricultural activity, particularly in the upper watershed (Schaefer & Alber, 2007). We
would expect that low temperature burning practices, which are typically applied for
agricultural management, would generate less polycondensed PBC compared to other
PBC sources (Masiello, 2004). Thus, we hypothesize that shifts to less polycondensed
PBC during this time may be linked to changes in sources that include significant
agricultural influence. However, further research is needed to confirm this hypothesis.
In addition to the estuarine influences during low discharge, the onset of the
winter storm events in early January 2016 also lead to a more polycondensed signature
for the PBC exported from the Altamaha River watershed (Figure 4.4f). Considering
contributions from the Atlanta Metropolitan Area and the significant rain events in the
upper watershed in late December 2015 (Figure 4.2b), an enhancement of anthropogenic
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PBC characterized by a more polycondensed signature would be expected (Masiello,
2004; Roth et al., 2012). Seasonal shifts in PBC source are likely highly variable among
watersheds globally and have been linked to watershed activity. For instance, roughly
27% of PBC exported from the Mississippi River is derived from fossil fuel combustion
(Mitra et al., 2002) compared to roughly 50% in significantly anthropogenically impacted
Chinese rivers (Wang et al., 2016). In a highly polluted estuary, Mari et al. (2017) noted
significant contributions of anthropogenically derived PBC delivered by atmospheric
deposition during baseflow compared to riverine inputs during high flow. Wang et al.
(2016) reported seasonal variation in PBC source noting that in winter high flow months,
as much as 75% of the PBC exported from these rivers was derived from fossil fuel
combustion. Fossil fuel consumption in the United States, particularly in the residential
sector, increases more than 3-fold during winter months (U.S. EIA, 2017) and in the state
of Georgia, coal represents nearly 30% of the state’s energy consumption among all
sectors (Georgia Environmental Finance Authority, 2016). In addition, atmospheric
elemental carbon (i.e. BC) concentrations in the Atlanta area range from 0.5 µg/m3 to
~2.5µg/m3 and are seasonally variable with higher concentrations in winter months (Li et
al., 2009). Thus, it is reasonable to suspect that the export of PBC with an enhanced
polycondensed signature during the winter storm events may be linked to anthropogenic
activity. However, the PBC-BPCA ratio (Figure 4.4f) reaches a maximum of ~1.25 in
January 2016 indicating a slight enrichment of B5CA and B6CA. While the observed
BPCA maximum of ~1.25 is similar to that of wood char/wildfire derived sources, fossil
fuel derived PBC are most predominately enriched in B6CA (Roth et al., 2012). This may
indicate that increased fireplace usage/wood burning in the watershed during winter
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months (Li et al., 2009) may influence the PBC-BPCA signature during this time. Thus,
while PBC mobilized during the initial high intensity rain events cannot be conclusively
linked to fossil fuels alone, sources are likely a mix of both biomass burning and fossil
fuel derived PBC, similar to that observed in Chinese rivers (Wang et al., 2016).
4.5.7 Seasonal Coupling of PBC and DBC
A primary objective of the present study was to comparatively assess in-stream
dynamics of DBC and PBC on a watershed scale. An observed coupling behavior
between these two pyrogenic carbon pools would greatly assists in the efforts to constrain
current pyrogenic carbon budgets. However, only a limited number of studies are
available which simultaneously measure both DBC and PBC export from fluvial systems.
Consequently, the relationship between PBC and DBC has not been properly elucidated.
We estimated the yearly flux of BC from the Altamaha River to the Atlantic
Ocean to be 6.5 Gg/yr with roughly 75% exported in the dissolved phase (4.9 Gg/yr)
compared to the particulate phase (1.6 Gg/yr). These estimates are similar in magnitude
to those from the Huanghe River (PBC: ~12 Gg/yr, DBC: ~1.7 Gg/yr; Xu et al., 2016);
however, are much lower than for the Changjiang River (PBC: ~200 Gg/yr, DBC:
~47 Gg/yr; Xu et al., 2016) and the Mississippi River (PBC: ~500 Gg/yr; Mitra et al.,
2002). Given that the relative contributions of BC to the bulk OC pool in the Altamaha
River are similar in the aforementioned rivers above, the higher BC export from the
Chinese rivers and the Mississippi River would be expected considering the sizable
difference in watershed drainage areas.
Wagner et al. (2015a) reported that recent wildfire activity within a watershed
could have an immediate impact on PBC export only, but not with DBC. The post-
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wildfire increase in PBC export may contribute to the observed decoupling of DBC and
PBC during riverine transport to coastal systems (Wagner et al., 2015a). Wang et al.
(2016) have also reported the decoupling of PBC and DBC in large Chinese rivers, which
appears to be linked to the mobilization and transport of BC from different sources (i.e.
biomass burning vs. fossil-fuels) throughout the watershed. Our results are generally
consistent with this study as DBC and PBC were decoupled across the hydrograph
(r = 0.08, p > 0.05), and similarly is likely attributed to the seasonal variability in sources
for each of these two pyrogenic carbon pools. On the other hand, we note that the
decoupling between DBC and PBC in the Altamaha River appears to be driven by the
high intensity storm events from January to April 2016 as a statistically significant
positive relationship was observed between DBC and PBC under baseflow conditions
(r = 0.78, p < 0.05). While this is the first study to report seasonal coupling and
decoupling of high temperature BC, temporal coupling between dissolved and particulate
low temperature pyrogenic carbon has also been reported in Arctic systems (Myers-Pigg
et al., 2017). However, the decoupling of DBC and PBC in other temperate watersheds
(Wagner et al., 2015, Wang et al., 2016) suggest that this phenomenon may be dependent
on individual watershed dynamics, although it is currently unclear what processes are
driving the coupled/decoupled BC relationships observed in these systems.
The magnitude of PBC and DBC exported from terrestrial to coastal systems
suggest pyrogenic carbon contributes significantly to ocean carbon cycling (Santín et al.,
2016) and the coupling of these BC phases suggests there may be a biogeochemical
mechanism linking PBC and DBC during the transport to the ocean. While
photochemical degradation of DBC is thought to be significant sink for ocean DBC
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(Stubbins et al. 2012), photooxidation of PBC may be a source of DBC in aquatic
systems (Roebuck et al. 2017). Furthermore, sorption mechanisms are considered a
significant sink for DBC (Coppola et al., 2014) with 16 Tg/yr DBC lost in coastal
systems through sorption to sinking particles (Santín et al., 2016). PBC is efficiently
sequestered to sediments in coastal systems (Fang et al. 2016) where its storage is
estimated at 1440 Pg (Santín et al. 2016). Currently, the exact mechanisms driving the
temporal coupling between PBC and DBC remain unclear, particularly in the Altamaha
River where there appears to be disparate sources of DBC and PBC under baseflow
conditions. In order to fully understand the potential link between DBC and PBC in
fluvial systems, it is necessary to gain a better understanding of the sources, age, and
mechanisms driving the mobility of pyrogenic carbon throughout the aquatic
environment. In addition, relative contributions and mobility of pyrogenic carbon across
the entire combustion continuum should be further investigated with efforts to understand
sources, sinks, and interactions between both dissolved and particulate phases. These
efforts would lead to a better understanding of pyrogenic carbon cycling and to help
better constrain current pyrogenic carbon budgets.
4.6 Conclusions
We present in this report a comprehensive study outlining the hydrological
controls on the seasonal export of organic matter and associated BC in the Altamaha
River, Georgia, USA. Our data suggests that the hydrological controls on BC
mobilization may be more complex than previously observed. Under baseflow,
groundwater appears to transport DBC derived from charcoal deposited in deeper soil
horizons to the Altamaha River, whereas high intensity rain events throughout the
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watershed with varying degrees of natural and anthropogenic land cover appear to
influence DBC composition and export during high flow regimes. While PBC export was
also linked to seasonal hydrology, sources appeared to be highly variable throughout the
sampling period. Salt-water intrusion under low discharge conditions suggested an
estuarine source of more polycondensed PBC, whereas similar to DBC, PBC export
throughout the remaining sampling period was linked to surface runoff and changes in
water sources from within areas of the watershed with variable land use. Seasonal
dynamics also suggests that PBC and DBC may be coupled during baseflow, although
further research is needed to corroborate this finding. As wildfire frequency continues to
rise with on-going climate change, we can expect that production and export of BC from
terrestrial to marine systems will also continue to increase. The Altamaha River may be
particularly impacted with a series of droughts over that last decade (Medeiros et al.,
2015), which likely increases this regions vulnerability to enhanced fire activity. The
environmental implications for this are still not well understood, but an increasing export
of BC from terrestrial systems may have a significant impact on both aquatic food web
dynamics and the oceanic microbial loop as pyrogenic carbon is generally considered
highly bio-recalcitrant. Thus, a more complete understanding of BC mobilization with
seasonal hydrology is critical for elucidating both short and long-term contributions of
riverine BC and its implications for global carbon cycling. While BPCA ratios have been
previously linked to BC source, further incorporation of radio- and stable- isotopes in
characterizing individual BPCA components would provide useful information relating
seasonality to BC sources and export from fluvial systems (Hanke et al., 2017; Wagner et
al., 2017a).
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CHAPTER V

LAND USE CONTROLS ON THE SPATIAL VARIABILITY OF DISSOLVED
BLACK CARBON IN A SUBTROPICAL WATERSHED
(Modified from Roebuck et al. 2018, Environmental Science & Technology)
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5.1 Abstract
Rivers are large sources of terrestrially derived dissolved organic carbon (DOC)
to coastal oceans. The DOC exported from rivers can be a reflection of its respective
watershed geomorphology and land use activity. Thus, anthropogenic shifts in watershed
land use can significantly alter the DOC signature through changes in its molecular
composition and chemical reactivity. A significant fraction of DOC exported from rivers
contains a thermogenic signature consisting of a collection of highly condensed aromatic
compounds typically formed through biomass burning and fossil fuel combustion. This
pyrogenic material has otherwise been termed dissolved black carbon (DBC). While
DOC and DBC exported from riverine systems are generally coupled, the direct effects of
watershed land use on DBC quality are not well understood. In this study, samples were
collected throughout the Altamaha River, Georgia, southeastern USA, a large watershed
characterized by a high diversity in land use activity. DBC was characterized using the
benzenepolycarboxylic acid method and ultrahigh-resolution mass spectrometry
(FTICR-MS) and further correlated with watershed land cover. We show clear trends
suggesting that DBC exported from areas of natural land cover contains a higher degree
of polycondensed character in comparison to DBC exported from areas with higher
anthropogenic influence. Furthermore, FTICR-MS revealed that a significant fraction of
the pyrogenic carbon contains some degree of heteroatomic functionality with the
pyrogenic signature becoming enriched in low molecular weight dissolved black nitrogen
(DBN) and dissolved black sulfur (DBS) in response to higher anthropogenic activity.
Even as global land use practices continue to change, this study demonstrates on a
localized scale that land use changes from the headwaters to ocean continuum can
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influence the export of pyrogenic carbon, which may have further implications for global
carbon and nutrient cycling.
5.2 Introduction
Black carbon (BC) is a carbonaceous residue of thermogenically altered organic
material formed through incomplete combustion of biomass and from anthropogenic
activities, such as fossil fuel combustion1. BC is comprised of a large collection of
organic compounds ranging across a combustion continuum from small anhydrosugars
formed at low temperatures (< 300°C) to highly condensed polycyclic aromatic
compounds formed under higher temperature combustion conditions2. In comparison to
bulk organic matter (OM), the highly polycondensed fraction of the BC spectrum is
considered to be highly recalcitrant and resistant to biological degradation3. Thus, BC is
ubiquitous throughout both terrestrial and marine environments. However, while a
majority of BC becomes incorporated and stored in soils and sediments over long time
scales, a significant portion of this material can be mobilized and transported throughout
the aquatic environment as dissolved BC (DBC)4-6. Each year, rivers export an average of
27 Tg DBC globally, which equates to about 10% of the total dissolved organic carbon
(DOC) pool, making rivers an important means for transport and biogeochemical cycling
of DBC7.
Rivers are intrinsically connected with the terrestrial environment and thus, the
DOC and subsequent DBC exported from fluvial systems can be strongly reflective of
watershed dynamics and the anthropogenic activities from within8. For instance, the
majority of dissolved organic matter (DOM) exported from small headwater streams will
be most reflective of local allochthonous inputs and may undergo further bio- and photo-
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chemical transformations during downstream transport9-11. However, elevated nutrient
inputs from agricultural activity and heightened urbanization throughout a watershed
have been directly linked to shifts in DOM quality and bioavailability leading to
significant transformations in molecular composition that is more nitrogen rich and
reflective of autochthonous in-stream activity12-14. Similar transformations are also
observed for combustion derived material in which pyrogenic DOM exported to coastal
oceans from agriculturally influenced watersheds is enriched in nitrogen functionality15.
Contrary to bulk DOC, however, direct relationships between DBC export and
composition with changes in watershed land use have yet to be determined. With
charcoal and aerosols from wildfires being the most significant source of BC to the
environment5, 16, it may be expected that watersheds with high degrees of burn activity in
forested areas would yield higher exports of DBC. While some studies have suggested
there is no direct correlation between watershed short-term fire history and DBC
export17, 18, watersheds will continue to export DBC even decades after a major burn
event19. Furthermore, it may also be expected that loss of natural landscapes in light of
increasing anthropogenic activity would result in a decrease in DBC source. However,
evidence has been presented to suggest an increase in DBC export from addition of
biochars as soil amendments in agricultural areas20. With more than 40% of earth’s land
mass now developed for agricultural purposes and with an ever increasing urbanization to
accommodate long term population growth21, a better understanding of changing DBC
dynamics with respect to catchment land use and its effects on long term carbon cycling
and river quality is of increasing importance.
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While numerous studies have assessed the influence of catchment land use on
bulk DOC properties and export22-25, only little information is available on the effects on
land use with respect to pyrogenic carbon8, 15, 20. For this study, we aim to address the
knowledge gap by characterizing DBC on a watershed scale and assessing shifts in DBC
quality with respect to catchment land use. While no method has been developed which
can quantitatively detect DBC across the entire range of the combustion continuum, the
benzenepolycarboxylic acid (BPCA) method can provide not only quantitative, but also
qualitative compositional information with respect to the highly polycondensed fraction
of the pyrogenic carbon spectrum26. Ultrahigh-resolution Fourier transform ion cyclotron
resonance mass spectrometry (FTICR-MS) is also appropriate for characterization of
complex DOM mixtures, which include DBC27, as it is capable of resolving thousands of
individual molecular masses to which molecular formula are assigned28, 29. These
molecular formulae are mostly represented as compounds with carbon, hydrogen, and
oxygen (C, H, & O) with some containing heteroatomic functionalities (nitrogen, N;
sulfur, S, & phosphorus, P), and they can be further categorized into compound groups
which best describe their degree of saturation, oxidation and aromaticity by using a
modified aromaticity index (AImod)30, 31.
Together, we used the quantitative BPCA method along with the molecular
characterization of the DOM via FTICR-MS to characterize DBC exported throughout
the Altamaha River, a large subtropical watershed located within the state of Georgia,
southeastern USA. This watershed is characterized by varying degrees of natural land
use, urbanization (Atlanta Metropolitan Area), and agriculture consisting mainly of
poultry, beef, and soy and hay production32. Because soil BC source and formation

103

temperature might influence DBC composition33, we hypothesized that DBC exported
from natural landscapes would exhibit a more polycondensed signature that is most
typically reflective of wildfire derived pyrogenic carbon. We further investigated
conservative behavior to establish sources of DBC throughout the Altamaha River
watershed in concert with changes in land cover. Additionally, in concurrence with
Wagner et al.15, we hypothesized that the shifts in watershed land use will significantly
influence the molecular level DBC signature through incorporation of heteroatomic
functionalities.
5.3 Methods
5.3.1 Site Description
The Altamaha River is located entirely within the state of Georgia, USA draining
ca. 36,000 km2 (~25%) of the Georgian land mass, making it one of the largest drainage
basins in the Eastern United States (Figure 5.1). Its two largest tributaries, the Ocmulgee
River and Oconee River, each having their source in the Piedmont regions at the foothills
of Appalachia, converge in the Southern Coastal Plains near Lumber City to form the
Altamaha River. Together, these two tributaries contribute about 75% of the total water
flow from the Altamaha River to the Atlantic Ocean. The Altamaha River exhibits an
average water discharge of 400 m3/s and has an annual maximum in the early spring.
The Altamaha River remains relatively undisturbed in comparison to other
watersheds along the eastern seaboard. However, it was recognized as an endangered
river34 as increasing anthropogenic activities within the watershed are expected to
contribute significantly to augment eutrophication within its estuary. In a thirty-year
period from 1970 to 2000, population doubled within the watershed from ca. 1.2 million
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to ca. 2.5 million people35. The most notable increase was within the Georgia Piedmont
region, which was primarily due to the Atlanta Metropolitan Area and other urban
developments, an arrangement counter to general patterns in which population densities
are highest in coastal regions35. The Altamaha River drains a significant portion of the
urban Atlanta area and its suburbs primarily by means of the Ocmulgee River tributary,
although a much smaller fraction is also drained within the Oconee River tributary.
Agricultural land use is highest in the upper Altamaha River watershed and generally
declines throughout the watershed. Primary agricultural activities throughout the
watershed include poultry, beef, soy, and hay production32. The lower watershed consists
primarily of natural forested areas and pristine wetlands with a much lower degree of
anthropogenic activity.
5.3.2 Sample Collection
A total of 42 samples were collected primarily along the Oconee River tributary
within the Altamaha River watershed between May 23, 2016 and May 27, 2016
(Figure 5.1). Samples were also collected at the mouth of each of the other three main
tributaries (Figure 5.1). These sites were selectively chosen to represent a wide array land
use types throughout a gradient of small streams in the upper headwaters to larger rivers
downstream. Of these sites, 19 were at USGS gauge stations in which water discharge
data was collected. When possible, 1 L samples were collected from the riverbank
directly into clean high-density polyethylene (HDPE) bottles. Bottles were pre-treated by
soaking subsequently in 2 M HCl and 2 M NaOH each for 24 hours followed by rinsing
with ultrapure water. Bottles were rinsed 3 times with sample water before final
collection. Otherwise, samples were collected by dispensing a 5-gallon bucket over a
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Figure 5.1: (a) Map of Altamaha River watershed displaying the 41 sample locations
primarily from the Oconee River drainage basin. (b) Upper Oconee River sample
locations and sample number listed in Table S1. (c) Lower Oconee River and
Altamaha River main stem sample locations and sample number listed in Table S1. In
all cases, the black boxes represent USGS stations and samples that were analyzed by
the BPCA method and by FTICR-MS (n = 18). The grey boxes represent all nonUSGS stations and were characterized by FTICR-MS only (n = 23).
bridge followed by transfer of water to clean HDPE bottles. The collection bucket was
pre-rinsed at least three times with river water prior to each collection. Samples were
stored on ice during transport back to the laboratory. Samples were filtered on the same
day of collection (generally within 12 hours or less) through a 0.7 µm pre-combusted
(500 ˚C, 5.5 hours) Whatman glass fiber filter (GFF). DOC was analyzed on filtered river
samples using a Shimadzu TOC-V CSH total organic carbon analyzer upon acidification
and purging to remove inorganic carbon. Accuracy and precision were determined with
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TOC quality control standards from ERA (Demand, WasteWarR, Lot#516, ERA) and
were 100.3%.
5.3.3 Dissolved Black Carbon Analysis
DBC was extracted from water samples as part of the bulk DOC using a solid
phase extraction (SPE) technique previously described by Dittmar et al.36. All samples
were extracted by SPE on the same day of collection. DBC analysis was only performed
on the 19 samples collected at USGS gauge stations.
Briefly, Agilent Bond Elut PPL cartridges (1 g) were conditioned consecutively
with methanol and acidified ultrapure water (HCl, pH 2). The samples (~1L) were then
gravity fed into the cartridge followed by rinsing again with acidified ultrapure water and
drying under a stream of nitrogen gas. Samples were then eluted from the cartridge in
methanol and stored at -20 ˚C until DBC and molecular analysis.
Quantification of DBC was carried out using the benzenepolycarboxylic (BPCA)
method described by Dittmar26 with thermal oxidation conditions optimized by Ding et
al.17. For each sample, in triplicate, aliquots of methanol eluent containing ca. 0.2 mg
DOC were dried under a stream of nitrogen gas in pre-combusted (500 ˚C for 5.5 hours)
glass ampoules. The dried samples were redissolved in 0.5 mL concentrated nitric acid
and flame sealed within the glass ampoules. Samples were thermo-chemically oxidized at
160 ˚C for 6 hours with remaining nitric acid removed by a stream of nitrogen gas17.
Thermo-chemical oxidation of DBC generates a collection tri-, tetra-, penta-, and
hexa-substituted BPCAs (B3CA, B4CA, B5CA, and B6CA) which are directly
proportional to DBC concentration. The newly generated BPCAs were re-dissolved in
mobile phase buffer A (4 mM tert-butyl ammonium bromide, 50 mM sodium acetate,
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10% methanol). High performance liquid chromatography (HPLC), coupled with a
photodiode array detection (Surveyor, Thermo Scientific), was used to separate and
quantify individual BPCAs. Separation was carried out on a Sunfire C18 reverse phase
column (3.1 µm, 2.1 x 150 mm, Waters Corporation) using an elution gradient consisting
of mobile phase buffer A, and mobile phase buffer B (100% methanol). Complete
separation conditions are described by Dittmar26. Quantification of DBC was achieved
based on individual BPCA concentrations using a conversion factor reported by
Dittmar26. The average coefficient of variation for all triplicate analyses was less than
5%.
5.3.4 Development of Conservative Mixing Model for the Altamaha River
Modified from Marques et al.1, a conservative mixing model was developed for
the Altamaha River to access sources and sinks of DBC along the river continuum. Water
discharge information was available from the USGS at 19 sample locations throughout
the watershed in which subsequent DBC concentrations were measured. Due to very
strong correlations with drainage area (r = 0.98, p < 0.01) and DOC (r = 0.98, p < 0.01)
respectively, water discharge and DBC concentrations were extrapolated for the
remaining 22 sample locations using the following equations:
LogQ = log(DA)*0.425 – 2.185
Q = 10DA*0.425+2.185
[DBC] = [DOC]*0.064 – 0.066
where Q is the water discharge (m3/s) and DA is the drainage area (km2). DBC fluxes
(FDBC) were calculated as follows:
FDBC = Q·[DBC]
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To assess sources and sinks along the river continuum, DBC fluxes were
compared with those expected from ideal conservative behavior. Deviations from the
theoretical, conservative DBC flux (FDBC,cons.) would suggest the presence of sources or
sinks for DBC within the river continuum. For instance, a FDBC > FDBC,cons would indicate
an additional source of DBC to the region. The FDBC,cons at any given location was
calculated as the additive flux of the most recent upstream sampling location along with
the flux of any contributing tributaries to that location:
FDBC,cons = FDBC, most adjacent station + ΣFDBC, contributing upstream tributaries
For instance, FDBC,cons for sample #37 is equal to the sum of DBC fluxes for samples #34,
35, and 36 (Figure 5.1c). Given the number of samples and the spatial variability of said
samples throughout the watershed, a 11 point model was developed in reference to the
Altamaha river continuum (Figure 5.3).
5.3.5 Ultrahigh Resolution Mass Spectrometry
The DOM methanol extracts were diluted to a DOC concentration of 5 mg C/L in
a methanol water mixture of 1:1 (v/v). The samples were analyzed as described in Seidel
et al.37 with ultrahigh-resolution mass spectrometry using a solariX XR FTICR-MS
(Bruker Daltonik GmbH, Bremen, Germany) connected to a 15 Tesla superconducting
magnet. The diluted extracts were infused at a rate of 2 µL/min into the electrospray
source (ESI; Apollo II ion source, Bruker Daltonik GmbH, Bremen, Germany) with the
capillary voltage set to 4 kV in negative mode. 200 scans were accumulated in a mass
window from 150 to 2000 Da and molecular formulae were assigned with the following
restrictions: 12C1-1301H1-200O1-50 14N0-4S0-2P0-1 to masses above the method detection
limit20. Molecular masses that were detected in less than three samples were removed
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prior to further analysis. The samples were normalized to the sum of FTICR-MS signal
intensities. The modified aromaticity index (AImod)30, 31 and intensity-weighted molar
ratios were calculated for each sample. Condensed aromatic compounds were defined by
an AImod ≥ 0.67 and having greater than 14 carbon atoms. The elemental compositions of
these compounds were represented by CHO, CHON, CHOS, CHOP, CHONS, CHONP,
and CHOSP. Because the total number of CHOP, CHONS, CHONP and CHOSP
represented on average less than 3% of the detected condensed aromatic molecular
formulae, we limit this study to only include compounds categorized as CHO, CHON, or
CHOS.
5.3.6 Statistical Analysis
A geographical information systems (GIS) IMG data file containing Georgia land
cover information from the year 2008 was obtained from Georgia GIS Data
Clearinghouse, initially provided by the National Resources Spatial Analysis Laboratory,
University of Georgia. ArcMap version 10.3 was used to calculate land cover
contributions and drainage area for each sampling location. The initial 13 different land
cover types for this dataset were condensed to four for this study, which include the
following: forested area, wetlands, agriculture, and urban land use (Figure 5.2). Land use
at each site was calculated as a function of the entire upstream catchment area respective
to each sampling location. Percent urban land use was log-transformed to achieve a
normal distribution.
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Figure 5.2: Map displaying land cover characteristics throughout the Altamaha River
watershed.
Statistical analyses were performed using JMP version 12.0. The overall
significance of a relationship between any two parameters was determined through linear
correlations using Pearson’s product-moment correlation coefficient (r). Hierarchical
Cluster Analysis was performed on the percent-normalized BPCA concentrations with
Ward’s method by using the squared Euclidean distance to determine similarity in BPCA
distribution among sampled rivers. Principal Component Analysis (PCA) was performed
on the percent-normalized BPCA concentrations and on the mean centered normalized
peak intensities for all identified DBC formula detected throughout the Altamaha River,
respectively.
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5.4 Results
DBC was measured at 19 active USGS gauge stations throughout the Altamaha
River watershed, primarily within the Oconee River sub-basin (Figure 5.1,
Appendix 5.3). DBC concentrations were highly variable throughout the watershed
ranging from 0.1 ppm up to 5.0 ppm and were highly correlated with DOC (r = 0.98,
p < 0.01), a trend consistent with previous observations in world rivers7. In general, DBC
concentrations were lowest in the upper watershed and higher in downstream areas
(Figure 5.3a). Water discharge ranged from <0.1 m3/s to 221 m3/s throughout the
watershed and the associated DBC flux ranging from <1 mg/s in the upper watershed to
ca. 48,000 mg/s at the river mouth (Appendix 5.4). Water discharge was correlated to
DBC concentration (r = 0.52, p < 0.05). In this study, DBC concentrations were strongly
and inversely correlated with urban land use (r = -0.60, p < 0.01), but had a strong
positive correlation with wetland cover (r = 0.87, p < 0.01).
BPCA distributions were used to describe the relative DBC composition. The
BPCA ratio is defined as the relative abundance of B6CA and B5CA with respect to
B4CA and B3CA where a higher ratio implies a higher degree of DBC polycondensed
character (Schneider et al., 2010; Ziolkowski et al., 2011). For three samples, no
detectable B5CA or B6CA was observed leading to a ratio of 0.00 (Appendix 5.4).
Otherwise, the BPCA ratio ranged from 0.22 to 1.03 where higher values were generally
observed in downstream areas (Figure 5.3b). The BPCA ratio was also highly correlated
to land use increasing as a function of natural land cover (wetland: r = 0.87, p < 0.01) and
decreasing as a function of anthropogenic land cover (urban: r = -0.63, p < 0.01).
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Molecular characterization by FTICR-MS yielded a total of 16,477 detectable
molecular formula among all samples. However, the total number of molecular formula
detected in individual samples ranged from ca. 6500 to 9500 (Appendix 5.5).
Polycondensed aromatic formulas (AImod > 0.67, C > 14) including DBC and
heteroatomic DBC represented on average ~7.5% of the total molecular formula
(Appendix 5.5). The BPCA ratio was strongly correlated with the intensity weighted
average molecular weight for the condensed aromatic region (m/zw-dbc, r = 0.81,
p < 0.01). Roughly, 57% of the detected molecular formula assigned to the condensed
aromatic region contained one or more heteroatoms including N and S (Appendix 5.5).
Condensed aromatic formulae containing N were also strongly correlated to land use
increasing in areas with higher agriculture activity (r = 0.42, p < 0.01) and decreasing in
areas with higher forested (r = -0.40, p < 0.01) and wetland cover (r = -0.51, p < 0.01).
5.5 Discussion
5.5.1 DBC Fluxes and Conservative Mixing Along the Altamaha River Continuum
DBC concentrations varied significantly along the Altamaha River continuum
with concentrations more than a magnitude higher in the lower watershed compared to
the upper headwaters (Figure 5.3a). An increase in BPCA ratio was also observed along
the river continuum suggesting a more polycondensed DBC signature in downstream
regions (Figure 5.3b). The increase in DBC concentrations in the Altamaha River
downstream areas was coupled with an increase in DBC flux (Appendix 5.4). However,
two exceptions to this general downstream pattern are observed from within the Little
Ocmulgee River and Ohoopee River (Figure 5.1), which are the two smaller sub-basins
of the Altamaha River. Concurrent to their smaller drainage area are significantly lower
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Figure 5.3: Spatial distribution of (a) DBC and (b) DBC composition (BPCA ratio)
within the Altamaha River. Smoothing lines (grey) were added to follow general
changes in data from the upper watershed to the coastal region. (c) DBC fluxes within
the Altamaha River in comparison to conservative estimates where a DBC flux >
conservative estimates indicates a source of DBC and a DBC flux < conservative
estimates indicates a DBC sink. (d) The conservative mixing model displayed in 5.3c,
however only showing the expanded scale between 380 and 250 km from the coastal
region
water discharges, which in turn lead to lower DBC fluxes when compared to the larger
Oconee River sub-basin (Appendix 5.4). Nevertheless, the general increase in DBC
fluxes along the river continuum coupled with the increasing BPCA ratios may suggest
either of two possibilities. Regarding concentration, (a) there are considerable source
changes throughout the Altamaha River watershed that significantly influence
downstream export of DBC, and/or (b) that DBC is most strongly associated with the
more refractory pool of DOC that has survived upstream mineralization processes and is
becoming enriched downstream. With regards to composition (i.e. BPCA ratio change),
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(a) sources in the upper watershed might be more strongly influenced by urban DBC
sources such as fossil fuels38, and/or (b) the less polycondensed fraction of the DBC is
more reactive and selectively removed along the river continuum.
To further assess potential sources of DBC throughout the Altamaha River
watershed, a DBC conservative mixing model was developed for the Altamaha River
with slight modification from Marques et al.8 and DBC fluxes were compared with those
expected from conservative mixing behavior (Figure 5.3c,d). We note this model was
developed in part with extrapolated DBC and discharge data, as detailed in section 5.3.4,
and is thus limited with respect to the assumption of linearity and the consistency of a
strong relationship between DBC with DOC and between discharge with drainage area.
As presented in Figure 5.3c and Figure 5.3d, DBC fluxes were generally consistent with
conservative estimates suggesting that higher DBC concentrations (Figure 5.3a) observed
in the mid-lower reaches of the Altamaha River compared to those upstream may result
through conservative accumulation of DBC downstream as suggested above. This
coupled with higher BPCA ratios (Figure 5.3b) might imply significant source related
shifts, where DBC with higher BPCA ratios accumulated downstream is enriched in
wildfire derived DBC, compared to the DBC derived from fossil fuel combustion that
may be expected from the highly urban areas upstream33, 38. This hypothesis is discussed
in further detail below. When comparing to other watersheds, the conservative behavior
of DBC in the Altamaha River highlights the importance of unique watershed dynamics
in transporting DBC from upper headwaters to coastal areas. For instance, in a similar
study, Marques et al.8 attributed upstream sources of DBC in the Paraíba Do Sul River,
Brazil to old slash and burn practices in the region followed by a downstream sink of
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DBC due to photodegradation (as noted by shifts in BPCA distribution patterns). In
comparison to the Altamaha River, however, the increasing BPCA ratios in the lower
reaches of the watershed coupled with high turbidity in this region39 does not suggest
photodegradation to be a substantial downstream sink for DBC in this system.
Nonetheless, source related shifts in DBC accumulated in the downstream areas could be
the result of a combined effect of photo-degradation and source strength as evident based
on the higher BPCA ratios observed. The latter explanation is more likely due to
noticeable differences in land cover between the upper and lower watershed.
5.5.2 Land Use Controls on DBC Concentration and Composition
DBC concentrations and respective BPCA ratios were significantly related to
changes in land use throughout the Altamaha River watershed. However, DBC
concentrations were most strongly correlated with bulk DOC concentrations (r = 0.98,
p < 0.01) suggesting strong intermolecular associations between the respected DBC and
DOC pools7. Thus, it is unclear if there is a direct relationship between DBC
concentrations and changes in respective land cover, but rather an indirect relationship
driven by changes in DOC concentrations with respect to land cover. However, the
source related changes in DBC composition as noted by BPCA distribution would be
expected when considering there is major BC compositional variation observed with
respect to source change or formation temperature2, 33.
The upper portion of the Altamaha River watershed is the most anthropogenically
impacted region within the basin (Figure 5.1) consisting of areas draining both the urban
influences of the Atlanta Metropolitan Area as well as drainage areas from primarily
agricultural and farming regions, which consist primarily of poultry and beef, corn, soy,
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and hay production32. This distinction between the upper and lower watershed with
respect to DBC is highlighted with a cluster analysis performed using percent-normalized
BPCA concentrations (Appendix 5.1) that clearly shows clustering of samples between
two groups that represent the upper and lower watershed. Because of the clear spatial
differentiation in land use type throughout the watershed, the clustering of these samples
provides clear indication that BPCA composition may be driven by watershed land cover
and/or land use.
Among the small rivers and streams sampled, the lowest DBC concentrations
were observed in 3 rivers with the highest urban influence (Stations 26, 29, & 31,
Appendix 5.3 and Appendix 5.4), each collecting waters primarily from the Atlanta
metropolitan region. These samples also had no detectable representation of penta- and
hexa-substituted BPCAs (B5CA, B6CA in Appendix 5.4) suggesting that the DBC has a
lower degree of polycondensed aromaticity. This overall general trend is still highlighted
on watershed scale in which a strong inverse relationship is observed between urban land
use and both DBC concentrations (r = -0.74, p < 0.01) and BPCA ratio (r = -0.72,
p < 0.01). The low BPCA ratio, and in particular samples lacking representation of B5CA
and B6CA, would suggest the DBC in samples with significant urban influence are
mainly from anthropogenic sources. However, using BPCA ratio as a sole indicator of
DBC source should be exercised with caution considering the potential effects of
photodegradation on the BPCA distribution40, 41. Nonetheless, the low BPCA ratios in
urban areas are probably indicative of a source primarily derived from fossil fuel
combustion38, 42. Deposition of aerosols can be sources of DBC to fluvial systems43 and
the soot particles formed from fossil fuel combustion represent a source of highly
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polycondensed BC44. The leachable fraction of this material contain primarily less
polycondensed DBC, as reflected by a predominately B3CA and B4CA signature38.
The low aromaticity DBC signature was not limited to urban land use. In fact, the
BPCA ratio was also inversely correlated with agricultural land cover (r = -0.52,
p < 0.05) suggesting that in general, anthropogenically impacted areas are represented by
a less polycondensed DBC signature. The lower BPCA ratios in agricultural areas though
may come as a surprise considering the common practice of burning agricultural
croplands and use of pyrogenic carbon as soil amendments45. Between 8 and 11% of
global fires can be attributed to agricultural practices and charcoal can represent between
10 and 35% of U.S. agricultural soils44, 46. Furthermore, the release of DBC is enhanced
when biochars are added to soils for agricultural purpose20. However, more condensed
BC and increasing biochar aromaticity has repeatedly been observed to increase as a
function of charring temperature33. Because biochar production and farm management
burning are most favored at lower temperatures47, the formation of less polycondensed
BC (and therefore subsequent DBC) is likely more notable in agricultural areas, which
may explain the observed inverse correlation between BPCA ratios and agricultural land
cover (r = -0.52, p < 0.05) within the Altamaha River watershed.
The anthropogenic influences in the Oconee River sub-basin of the Altamaha
River watershed are reduced downstream with natural forest and wetlands prevailing as
the dominant land cover. Downstream samples (below Lake Sinclair, Figure 5.1) average
about 68% natural land cover in comparison to upstream samples, which have a much
higher anthropogenic influence (~50% with some samples >80%, Appendix 5.3). DBC
concentrations increased considerably in downstream samples and were coupled with an
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increase in the BPCA ratio, suggesting a downstream source of a more polycondensed
DBC pool (Appendix 5.3 and Appendix 5.4). BPCA ratios were positively correlated
with natural forest area (r = 0.58, p < 0.05) suggesting a predominately wildfire derived
DBC source from forested areas. Roughly a million acres of Georgia forests are burned
yearly for forest management purposes48, and a 50 year survey of fire history dating up to
the year 2007 suggests the state experiences an average between 8,000 and 12,000 small
wildfires annually49. The extensive annual burning of Georgia forests would suggest a
significant source of DBC in watersheds throughout the state, which likely includes
sources of DBC to the Altamaha River as well. The higher temperature wildfire derived
burning of forested biomass leads to the formation of more polycondensed BC as noted
due to an enrichment of B5CA and B6CA formation upon thermal oxidation33 further
supporting the observed positive correlation of BPCA ratios with forest area coverage
(r = 0.58, p < 0.05) within the Altamaha River.
The observed increases in DBC and BPCA ratio with increasing natural land
cover was not limited to forested area as wetlands were also very strongly associated with
more polycondensed DBC (r = 0.87, p < 0.01). This association is further highlighted
with a principal component analysis where a clear separation of BPCAs was observed
along principal component 1 (PC1) in which the more substituted BPCAs fell negatively
along PC1 and the least substituted BPCAs falling positively along PC1 (Appendix 5.2).
Wetland cover was both inversely and strongly related to PC1 (r = -0.80, p < 0.01) further
confirming the association between wetlands with polycondensed DBC. The importance
of DBC export to coastal areas from wetlands has been previously noted for large
ecosystems such as the Florida Everglades, in which case BC from watershed burning
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activities is deposited in wetland soils and released as DBC after aging50. Wetlands in the
Altamaha River watershed however would not be considered nearly as large-scale as the
Florida Everglades, but are rather integrated throughout the lower watershed primarily
within the riparian areas of the Oconee River and Altamaha River. These riparian
wetlands areas are further surrounded by natural forest area, which experience frequent
burning activity48. Due to their waterlogged nature, the impact of burning in the
surrounding areas may lead to accumulation of BC within the wetland soils, inducing the
release and transport of more polycondensed DBC throughout the Altamaha River50, 51.
5.5.3 Land Use Controls on Molecular Composition of DBC
Using FTICR-MS, we identified ca. 1500 individual molecular formulas within
the Altamaha River watershed containing a combustion derived/polycondensed aromatic
signature (DBC, A.I. ≥ 0.67, C ≥15). Most individual samples contained between ca. 400
to 700 DBC molecular formula (ca. 5% - 10% of the total formula detected). The percent
of DBC molecular formulas detected were also highly correlated to individual BPCA
concentrations (normalized to DOC; B3CA: r = 0.92, p < 0.01; B4CA: r = 0.93, p < 0.01;
B5CA: r = 0.87, p < 0.01; B6CA: r = 0.77, p < 0.01) suggesting a similar source of
thermogenic material for both the BPCAs and the polycondensed aromatic compounds
detected by FTICR-MS. These DBC signatures were not limited to CHO compounds,
however, but also contained heteroatoms such as nitrogen and/or sulfur, which is more
commonly referred to as dissolved black nitrogen (DBN)52, 53 or dissolved black sulfur
(DBS)54, respectively. In the Altamaha River, an average of about 43% of the
polycondensed aromatic molecular formulas were characterized as CHO compounds,
while the other 57% contain CHO and one or more heteroatoms (Appendix 5.5).
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Changes in watershed land use can have significant impacts on the molecular
composition of organic matter transported through river systems. For instance, increasing
cropland has been routinely linked to higher nitrogen inputs into local rivers, which leads
to a higher proportion of low molecular weight, nitrogen-containing DOM that is
characteristic of autochthonous DOM production13, 14, 55, 56. A recent study found that in
10 large global river systems, the pyrogenic DOM signature is enriched in nitrogen for
watersheds most impacted with agricultural activities, indicating that agricultural burning
practices may enhance the production of charcoal containing nitrogen and may enhance
the export of DBN15. Molecular structures containing nitrogen and sulfur have also been
linked to urbanization through high loads in wastewater 57 and septic influenced aquatic
systems58.
In order to elucidate the impacts of land use on the molecular composition and
export of DBC on a smaller, localized watershed scale, principal component analysis was
performed on the intensity-mean centered DBC molecular formulae (Figure 5.4). PCA
loading and score plots are presented in Figure 5.4a and Figure 5.4b, respectively with
PC1 representing 45.1% of explained variation and PC2 explaining 10.2% of the
explained variation. As shown in Figure 5.4b, a clear separation in elemental composition
of DBC compounds was observed along both principal component 1 (PC1) and principal
component 2 (PC2). CHO-DBC compounds cluster predominately around negative PC1
whereas heteroatomic DBC cluster more positively with PC1. This is further evident with
a strong positive correlation between PC1 and intensity weighted DBN (Nw-dbc,
r = 0.62 , p < 0.01). Clustering of pyrogenic DOM based on heteroatom composition has
been previously reported in world rivers and found to be directly related to changes in
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Figure 5.4: A principal component (PC) analysis of the intensity mean-centered DBC
molecular formulae as determined by FTICR-MS analysis. (a) Loading plots
displaying sample locations in PC space. (b) Score plot representing the distribution
of molecular formulas in PC space with each highlighted in accordance with
molecular composition. Graphs (c) and (d) represent linear correlations of PC1 with
percent wetland cover and intensity weighted m/z, respectively. Graphs (e) and (f)
represent linear correlations of PC2 with intensity weighted sulfur and percent
agriculture, respectively.
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watershed land use15. For the Altamaha River, PC1 was negatively related to wetland
(r = -0.67, p < 0.01, Figure 5.4c) and forest area (r = -0.38, p < 0.05) but positively
related to urban land cover (r = 0.39, p < 0.05) indicating an enrichment in DBN with
anthropogenic activity. These correlations in general support global trends reported by
Wagner et al.15, but on a smaller watershed scale, in that anthropogenic activity enhances
the heteroatomic DBC signature in fluvial systems. In agreement with the observed
correlation of PC1 with ‘natural’ (negative PC1) vs. urban (positive PC1) land use, PC1
was also correlated with the m/zw-dbc (Figure 5.4d, r = -0.64, p < 0.01), O/Cw-dbc
(r = -0.36, p < 0.05), and H/Cw-dbc (r = 0.85, p < 0.01). This agrees with the expectation
that DBC exported from natural land covers is higher in average molecular weight. This
is also consistent with our previous results using BPCA ratios, that indicate a more
polycondensed DBC signature from natural land covers compared to a less
polycondensed DBC signature in more the anthropogenically impacted areas of the
watershed. Furthermore, this pattern suggests that DBN exported from anthropogenically
impacted areas is also generally lower in average molecular weight in comparison to their
CHO only counterparts. This hypothesis is further supported by a strong inverse
correlation between m/zw-dbc and Nw-dbc (r = -0.76, p < 0.01).
The positive relation between PC1 with both urban land use and Nw-dbc may be an
indication that nitrogen in the pyrogenic DOM pool may be in part fossil fuel combustion
derived. Evidence to support this hypothesis has been reported by Yang et al.59 who have
shown the release of nitrogen containing polycyclic aromatic hydrocarbons (PAH) from
coal combustion. Thus, we hypothesize that similar mechanisms driving the inclusion of
nitrogen into PAHs would be similar for the more condensed aromatic fraction of the
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pyrogenic carbon spectrum as described in this study. The relationship of DBN with land
use has also been related to agricultural practices in comparison to urbanization15. While
PC1 was not directly related to agricultural land cover, a strong correlation between
Nw-dbc and agriculture (r = 0.42, p < 0.01) further suggests a link between DBN export
and agricultural activity. In general, nitrogen inputs from agricultural areas have typically
been associated with enhanced production of low molecular weight DOM derived from
instream autochthonous sources13, 14. However, for pyrogenic OM, nitrogen has been
shown to become incorporated into charred material during burning activity where it may
be leached as DBN60. As previously discussed, charring temperature can significantly
influence pyrogenic OM composition33, and thus the low temperature burning for
agricultural management may enhance the production and leaching of low molecular
weight DBN in comparison to higher temperature, wildfire derived char.
Heteroatomic DBC is not limited to DBN as preliminary evidence by FTICR-MS
has been reported suggesting the existence of condensed aromatic compounds in aquatic
systems that contain some degree of sulfur functionality54. The presence of DBS is
evident throughout the Altamaha River as roughly 28% of the identified condensed
aromatic compounds contain at least one sulfur atom (Appendix 5.5). However, the
intensity-weighted average of DBS (Sw-dbc) is much lower in comparison to Nw-dbc
(Appendix 5.5) suggesting the relative abundance of these DBS compounds in fluvial
systems is quite low in comparison to DBN compounds. In the PCA presented in Figure
5.4b, DBS molecular formulae cluster positively along PC1 similar to DBN, but also
cluster more positively along PC2. In fact, PC2 is strongly correlated with both Sw-dbc
(Figure 5.4e, r = 0.63, p < 0.01) and agricultural land cover (Figure 5.4f,
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r = 0.43, p < 0.01) suggesting sulfur from agricultural sources may become incorporated
into the pyrogenic DOM pool within a watershed. Studies within the agricultural areas of
the Florida Everglades suggests that DOM becomes enriched in sulfur moieties in areas
where there is increased sulfate enrichment, with DBS accounting for a small fraction of
the detected sulfur containing compounds54, 61. Mechanisms for addition of sulfur into the
pyrogenic carbon spectrum are currently unknown. A strong inverse relationship between
PC2 and O/Cw-dbc (r = -0.85, p < 0.01) suggests that DBS is associated with less
oxygenated DBC and in a more reduced state. This would support a hypothesis of abiotic
sulfurization in low oxygen and reducing environments, which has been previously
observed for bulk DOM in sulfide rich conditions such as marine hydrothermal systems62
and sulfidic intertidal flat sediments37. However, it is not unreasonable to hypothesize
that sulfur can also be directly incorporated into charred materials through fire activity
similar to that of nitrogen60. However, evidence to support this hypothesis is currently not
available and would require further investigation. Regardless, the link between DBS and
agricultural land cover in the Altamaha River suggests the existence of an important, but
still unrecognized mechanism for integration of sulfur functionality within the condensed
aromatic spectrum. The incorporation of these compounds into aquatic systems may have
further unrecognized biogeochemical implications in relation to carbon, nitrogen, and
sulfur cycling and their influence on global climate change, which warrants further
investigation.
5.5.4 Environmental Implications and Future Directions
We show in this study that compositional shifts in DBC, implying variations in
source and quality, are directly impacted by watershed land use. As the population and
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agricultural activities continue to increase in the watershed, long-term shifts in the
molecular composition and potentially the reactivity of DBC is to be expected. The longterm consequence for these changes are not well understood, but shifts in DBC
composition throughout fluvial systems and export to coastal oceans could have
significant impacts on both carbon and nutrient cycling, and may have further
implications for on-going global climate change trends. Additional studies should
continue to focus on the effects of land use with respect to DBC composition in large
watersheds while further incorporating other environmental drivers that may influence
DBC composition such as climatology, wildfire history, and river biogeochemistry.
Furthermore, hydrological controls on DBC export have been previously observed in
fluvial systems18, 19, 63. However, temporal variability and hydrological controls on DBC
composition and export with respect to land use have yet to be determined and warrant
further study.
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CHAPTER VI

CHARACTERIZATION OF DISSOLVED ORGANIC MATTER ALONG A RIVER
CONTINUUM: LINKING WATERSHED LAND USE TO THE RIVER CONTINUUM
CONCEPT
(In preparation for Environmental Science & Technology)
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6.1 Abstract
About 250 Tg of dissolved organic carbon are annually transported from inland
waters to coastal systems making rivers a critical link in the carbon cycle between
terrestrial and marine environments. During transport through fluvial systems, various
degradation pathways selectively remove or transform labile material effectively altering
the composition of dissolved organic matter (DOM) exported to the ocean. The River
Continuum Concept (RCC) has been historically used as a model to predict the fate and
quality of OM along a river continuum. However, conversion of natural landscapes for
urban and agricultural practices can also alter the sources and quality of DOM exported
from fluvial systems, and the RCC may be significantly limited in predicting DOM
quality in anthropogenically impacted watersheds. Here, we studied DOM dynamics in
the Altamaha River watershed in Georgia, USA, a system where headwater streams are
highly impacted by anthropogenic activity. The primary goal of this study was to
quantitatively assess the importance of both the RCC and land use as environmental
drivers controlling DOM composition. Forty-two samples were collected throughout the
watershed and DOM was characterized with optical properties and high-resolution mass
spectrometry. Using multivariate statistics, we were able to explain a significant portion
of the spatial variability in DOM composition as a function of both the RCC and
watershed land use. This study highlights the importance of incorporating land use
among other controls into the RCC for predicting DOM composition during downstream
transport to coastal systems.
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6.2. Introduction
Dissolved organic matter (DOM) contains the largest pool of recyclable carbon
transported throughout terrestrial systems where the global export of dissolved organic
carbon (DOC) from rivers is estimated at roughly 0.25 Pg per year1. The role of DOM in
aquatic systems is quite diverse, but critical for riverine health and ecosystem functions.
For instance, chromophoric DOM (CDOM) is a light attenuator that can both regulate
primary production2 and protect aquatic organisms from harmful radiation3. In addition,
DOM serves as a primary energy source for microbial heterotrophs in fueling ecosystem
respiration4-5 and also alters the solubility and transport of metals and organic pollutants6.
As such, DOM is also as a significant source of CO2 evasion from aquatic systems5, 7-8
and thus a critical component within the global carbon cycle.
While DOM exported from rivers has been most prominently linked to terrestrial
sources (allochthonous), such as humic acids generated from decomposed plant
material9-10, it may also be derived from in-stream sources (autochthonous)11. The
composition of DOM is a leading factor in its general reactivity12 and during transport,
DOM may be exposed to a variety of in-stream processes that may ultimately alter its
composition and fate. Such processes may include photodegradation13, flocculation and
interaction with metals14-16, and microbial respiration5, 17. As DOM has become
increasingly linked with terrestrial ecosystem processes and its role in global carbon
cycling has become more evident, there is an increasing a need for a better understanding
of riverine dynamics that control the fate and transport of DOM in fluvial systems.
The River Continuum Concept (RCC) was established nearly four decades ago
providing a general paradigm for fluvial ecosystem functions and predicting systematic
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biological responses with an increasing river continuum18. The original hypothesis
suggests that the relative chemical diversity of DOM is highest in the upper headwaters
where contributions are primarily derived from terrestrial sources. With longitudinal
succession, selective labile components are removed through various pathways, and
sources of DOM shift primarily to an autochthonous signature as light availability
increases (less canopy cover, wider rivers) and photosynthesis exceeds ecosystem
respiration. This generally leads to a decrease in DOM molecular diversity with
increasing stream order18. With modern advancements in DOM characterization, others
have generally confirmed the original RCC hypothesis by noting a higher number of
molecular formulae (as detected with high resolution mass spectrometry) in lower stream
orders19. This is accompanied by a less aromatic and less reactive DOM pool with
decreasing distance to coastal regions20-21, which is the result of a variety of degradation
processes as well as a disconnect between DOM and the terrestrial landscape
downstream22. Since its inception, limitations to the RCC have been highlighted and
adaptations to this paradigm have been introduced with efforts to acknowledge a variety
of anthropogenic and hydrological stressors on aquatic systems such as serial
discontinuity23, the influence of floodplain sources24, and the impacts of seasonal high
discharge storm driven events25. However, DOM composition has also been very closely
linked with watershed land use26-27, a parameter for with the original RCC has been
constrained to natural, undisturbed systems.
Globally, watershed activity is rapidly changing as urbanization continues to
increase in response to population growth, and now more than 40% of earth’s land mass
has been developed for agricultural purposes28. Sources of DOM exported from
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headwater streams have routinely been linked to the presence of natural covers29.
However, headwater urban streams are increasingly disconnected hydrologically from
riparian zones as channelization and drainage networks are engineered and thus, greatly
altering these streams from their natural states30-31. In response, storm drains, ditches, and
leaky sewers and septic systems increase both carbon and nutrient loads while also
increasing the transport of pollutants (hydrocarbons, metals, pesticides) downstream32.
Furthermore, high export of nutrients (fertilizers) from both urban and agricultural
watersheds fuel autotrophic activity in streams leading to significant source related shifts
in DOM composition33-34. Thus, as DOM sources and composition have been extensively
linked to watershed land cover, there is a need to further integrate the controls of land use
into classic paradigms such as the RCC to better predict the fate and quality of DOM
exported from fluvial systems.
The Altamaha River, which was selected for this study and is located entirely
within the state of Georgia, USA, is a prime example in which an effort to understand
ecosystem controls on DOM sources and composition as predicted by the RCC may be
significantly inhibited due watershed land use. The Altamaha River watershed is also of
interest as anthropogenic activities, such as urbanization and agriculture, are elevated in
the upper watershed, and generally decrease in the lower watershed being replaced by a
prevalence of more natural forested and wetland ecosystems35. Thus, it can be
hypothesized that DOM quality in the upper watershed may be more autochthonously
derived/impacted in this system compared to the lower watershed.
In this study, the Altamaha River was extensively sampled from headwaters to
mouth over a gradient of low to high stream orders with a high degree of variability in
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land cover. DOM was characterized using modern analytical techniques (ultra-high
resolution mass spectrometry and fluorescence spectroscopy) with the primary objective
to assess the relative importance of both land use and the RCC as environmental drivers
of DOM composition in the Altamaha River. Our results provide new insights into the
contributions of anthropogenically impacted watersheds on stream ecosystem functions
and the need for considering land use with traditional paradigms in predicting the fate and
quality of DOM exported to coastal systems.
6.3. Methods
6.3.1 Sample Locations and Collection
With a drainage basin of roughly 36,000 km2, the Altamaha River drains
primarily by means of the Ocmulgee River and Oconee River tributaries (Figure 5.1),
each developing within the Georgia Piedmont Region at the foothills of Appalachia. The
headwaters of each of these tributaries drain highly anthropogenically impacted areas,
with the Ocmulgee River draining primarily from the Atlanta Metropolitan Area and the
Oconee River draining areas with enhanced agricultural activity36 (soy, hay, poultry;
Figure 6.1a). Nutrient exports are highest in the upper watershed, as would be expected in
anthropogenically impacted systems, and decrease downstream36.
A total of forty-two samples were collected throughout the Altamaha River
watershed primarily within the Oconee River tributary, representing the spatially longest
possible transect within this system (Figure 6.1b). A single sample was also collected at
the mouth of each of the other three primary tributaries to the Altamaha River (Ocmulgee
River, Little Ocmulgee River, and Ohoopee River; Figure 6.1b with more detailed
information in Figure 5.1). Sample locations were selected with a diverse set of land use
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activity including both natural and anthropogenic disturbances while also representing a
gradient of low order headwater streams to larger, high order rivers downstream
(Figure 6.1b). Samples were classified and assigned to a stream order group based up the
Strahler classification system37, which includes low order small streams (stream order
1-3, n = 14), medium order small rivers (stream order 4-6, n = 11), and high order large
rivers (stream order > 6, n = 11).

Urban
Forest
Agriculture
Wetland

a

b

Figure 6.1: Map of Altamaha River (a) land use and (b) sample locations categorized
by stream order. Red, yellow, and green circles note small, medium, and high stream
orders, respectively. Black boxes note USGS monitoring stations.
When possible, 1 L samples were collected directly along the river banks in
actively flowing sections of the rivers and placed into clean high-density polyethylene
(HDPE) bottles. Otherwise, samples were collected by dispensing a 5-gallon bucket from
a bridge followed by transfer to a clean HDPE bottle. This bucket was pre-rinsed three
times with river water prior to sample collection. In all cases, HDPE bottles were pretreated with 2 M HCl and 2 M NaOH for 24 hours each and rinsed with ultrapure water.
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These bottles were also pre-rinsed three times with sample water prior to final collection.
Samples were stored in the dark on ice during transport back to the laboratory.
All samples were filtered on the same day of collection (generally less than
12 hours) through a pre-combusted (500 ˚C, 5 hours) 0.7 µm Whatman glass fiber filter
(GFF). DOM was further extracted from river samples using a solid phase extraction
technique previously described by Dittmar, et al.38. Briefly, Agilent Bond Elut PPL
cartridges were conditioned with methanol followed by ultra-pure water (pH 2). Roughly
1 liter of samplers were loaded onto the cartridge followed by another rinse with ultra
pure water (pH 2). The cartridges were then dried under a stream of N2 gas followed by
elution of DOM in 10 mL of methanol and stored at -20 ˚C until further analysis. The
extraction efficiency for these samples was 73 ± 8%.
6.3.2 Water Quality Analyses
Surface water samples were collected and filtered on location for DOC and total
dissolved nitrogen (TDN) analyses. Samples were filtered through pre-combusted 0.7 µm
GFF filters and stored at 4 ˚C in the dark until further analysis. Samples for DOC
determinations were acidified and purged to remove inorganic carbon followed by
analysis on a Shimadzu TOC-V CSH total organic carbon analyzer. TOC quality control
standards from ERA (Demand, WasteWarR, Lot#516) were used to determine accuracy
and precision, which were 100.3%. TDN was analyzed with the ASTM D 5176-91
protocol (doi: 10.1520/D5176-91R03), which is the “Standard Test Method for Total
Chemically Bound Nitrogen in Water by Pyrolysis and Chemiluminescence Detection”.
Turbidity was measured on site with a LaMotte 2020 turbidimeter.
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6.3.3 Optical Properties and Parallel Factor Analysis
UV absorbance scans and fluorescence excitation-emission matrices (EEM) were
collected simultaneously using an Aqualog (Horiba Scientific) equipped with a 150-W
continuous output Xenon lamp. Fluorescence spectra were corrected for inner filter
effects39 and normalized to Raman scatter units. The specific UV absorbance (SUVA),
calculated by dividing the absorbance at 254 nm by DOC concentration, was used as a
representation of DOM aromaticity40. The humification index (HIX) was calculated as a
ratio of the area of emission wavelengths 435-480/300-345 (excitation 254) and was used
as a proxy for DOM complexity and condensed nature41. The biological index (BIX) was
calculated as a ratio of emission wavelengths 380/430 (excitation 310) to indicate
contributions of recently produced DOM42. The fluorescence index (FI), calculated as the
ratio of emission wavelengths 470/520 (excitation 370) was used as an indicator for
DOM of microbial origin43. EEMs were further characterized with parallel factor analysis
(PARAFAC) as observed in Figure 6.2. The model was derived and split-half validated
using the DrEEMs tool box44 in Matlab 15b and PARAFAC components were compared
with those logged within in the OpenFluor database. To minimize concentration effects,
PARAFAC components are reported in relative abundance for each sample.
6.3.4 Ultra-High Resolution Mass Spectrometry
Methanol extracts containing isolated DOM were diluted in 1:1 methanol/water to
a final concentration of 5 mg C/l. Samples were analyzed by ultrahigh resolution mass
spectrometry as described by Seidel, et al.45 using a solariX XR FTICR-MS (Bruker
Daltonik GmbH, Bremen, Germany) connected to a 15 Tesla superconducting magnet.
Samples were infused into the electrospray source (ESI; Apollo II ion source, Bruker
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Daltonik GmbH, Bremen, Germany) in negative mode at 2 µL min-1. 200 scans were
collected with a mass window from 150 to 2000 Da. Molecular formulae above the
detection limit46 were assigned under the following constraints: 12C1-301H1-200O1-5014N04S0-2P0-1.

Molecular mass were removed for further analysis when detected in less than 3

samples. Samples were normalized to the sum of FTICR-MS signal intensities. A
modified aromaticity index47-48 and intensity weighted molar ratios calculated for each
sample (Appendix 6.3). Molecular formulae were further categorized into molecular
compound classes as described by Seidel, et al.45 and are described as follows: (1)
AImod > 0.67, less than 15 carbons, (2) condensed aromatics 15 or more carbons, (3)
condensed aromatics compounds with heteroatoms, (4) polyphenols, (5), highly
unsaturated compounds, (6) unsaturated aliphatics, (7), saturated fatty acids, (8) saturated
fatty acids with heteroatoms, (9) carbohydrate-like, (10) carbohydrate-like with
heteroatoms, and (11) peptide-like. Molecular compound classes are further presented as
their relative intensity weighted contributions to each sample (Appendix 6.4).
6.3.5 Statistical Analysis and Land Use
A geographical information systems (GIS) IMG data file containing Georgia land
use information was obtained from the Georgia GIS Data Clearinghouse, which was
originally provided by the National Resources Spatial Analysis Laboratory, University of
Georgia. The initial land cover types were condensed to 4 major categories (urban,
agriculture, forest, and wetlands, Figure 6.1a) and relative contributions of each land use
type was calculated in ArcMap version 10.3. Land use at each sample location was
derived as a function of the entire upstream catchment area.
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JMP version 12.0 was primarily used for statistical applications. One way analysis
of variance (ANOVA) followed by Tukey’s honest significance difference (HSD) test
were used to asses the variability and significance among variables distributed with
respect to stream order. The Pearson’s product-moment correlation coefficient (r) was
further used to assess the overall significance of a relationship between any two
parameters. Percent urban land use, %C2, and turbidity measurements were log
normalized to meet assumptions of a normal distribution. Redundancy analysis (RDA)
was performed in XLSTAT to assess the spatial variability in DOM composition as a
function of both land use and stream order. For RDA, PARAFAC and FTICR-MS data
were constrained on the y-matrices with land use and stream order constrained to the xmatrices (predictor variables).
6.4 Results
Forty-two samples were collected throughout the Altamaha River watershed and
separated into three groups based upon the Strahler stream order classification system37.
These include low order streams (stream order 1-3, n = 14), medium order small rivers
(stream order 4-6, n = 17), and high order rivers (stream order > 6, n = 11). Land use
throughout the watershed was highly variable (Appendix 6.1, Figure 6.1a) consisting of
both anthropogenic (urban: 17.1% ± 14.5%; agriculture: 54.5% ± 13.4%) and natural
(forested: 25.4% ± 9.4%; wetlands: 6.10% ± 3.7%) sources. However, anthropogenic
activity was generally highest in the upper watershed (Figure 6.1a; above lake Sinclair as
displayed in Figure 5.1) averaging ~50% of the relative land cover contributions
compared to downstream samples (Figure 6.1a; below Lake Sinclair as displayed in
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Figure 5.1) where anthropogenic activity was not as prominent, averaging ~32% of the
respective activity in the lower watershed (Appendix 6.1).
Concurrent with land use trends, TDN was highest in the upper watershed and
decreased along the river continuum (Appendix 6.2). This was coupled with a positive
correlation between TDN and anthropogenic activity (urban: r = 0.54, p < 0.01;
agriculture: r = 0.43, p < 0.05) compared to an inverse correlation observed between
TDN and natural land covers (forest: r = -0.52, p < 0.01; wetland: r = -0.50, p < 0.01). In
contrast, DOC increased along the river continuum and was very strongly correlated with
increasing proportions of wetland cover (r = 0.78, p < 0.01) throughout the watershed.
DOC concentrations however could not be linked to other land use regimes within this
system.
While DOC quantitatively could only be linked to wetlands, DOC composition on
the other hand could be linked to wetland cover and to other land use regimes as well. For
instance, SUVA, which is generally an indicator of DOM aromaticity, increases along the
river continuum with a positive correlation with wetland area (r = 0.51, p < 0.01) and an
inverse correlation urban activity (r = -0.34, p < 0.05). The HIX, which gives a general
indication of the degree of humification within the DOM pool, was also higher in the
lower watershed with positive correlations to natural land cover (wetland: r = 0.85,
p < 0.01; forest: r = 0.35, p < 0.05) and a negative correlation with urban land use
(r = -0.53, p < 0.01). Other optical properties such as the BIX and FI, both of which are
general indicators of increased microbial DOM sources, were highest in the upper
watershed compared to SUVA and HIX (Appendix 6.2). The higher BIX in the upper
watershed was coupled with a positive correlation with anthropogenic activity (urban:
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r = 0.38, p < 0.05; agriculture: r = 0.32, p < 0.05) and an inverse correlation with natural
land cover (forest: r = -0.47, p < 0.01; wetland: r = -0.58, p < 0.05). Similarly, the FI was
positively correlated to agricultural activity (r = 0.42, p < 0.05) and inversely correlated
to wetlands (r = -0.58, p < 0.01).
A five component PARAFAC model was validated (Figure 6.2) with three
terrestrial-like humic components (C1, C2, & C4), a microbial humic-like component
(C3), and a protein-like component (C5). Clear spatial variation was observed among
PARAFAC components (C1-C5) throughout the Altamaha River watershed. The relative
abundance of the terrestrial components C2 and C4 were significantly enhanced in high
stream order rivers (Tukey’s HSD, p < 0.05 for both C2 and C4) compared to small and
medium order rivers upstream (Figure 6.3a,b), whereas microbial humic-like C3 and
protein-like C5 were enriched in small and medium order rivers (Tukey’s HSD, p < 0.05
for both C3 and C5) compared to high order rivers downstream (Figure 6.3c,d). No
significant difference was observed in the distribution of terrestrial humic like C1 among
respective stream order categories (Tukey’s HSD, p > 0.05); however, C1 was still
correlated to changes in land cover throughout the watershed (urban: r = -0.48, p < 0.01,
wetlands: r = 0.56, p < 0.01). Relative abundances of C2 and C4 were also positively
correlated to wetlands (C2: r = 0.78, p < 0.01; C4: r = 0.61, p < 0.01) with C2 also
positively correlated to forested areas (r = 0.36, p < 0.05) and negatively correlated to
urbanization (r = -0.48, p < 0.01). While the relative contributions of microbial humic
like C3 and protein-like C5 were both highest in the upper watershed, clear distinctions in
source was observed as C3 was more closely linked to agricultural activity (r = 0.35,
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Table 6.1: Pearson’s product-moment correlation coefficient (r) showing correlations
between watershed land use with water quality parameters, EEM-PARAFAC
components, and FTICR-MS molecular compound classes that are significant a
p < 0.01 and p < 0.05.
DOC
TDN
Turbidity
C1
C2
C3
C4
C5
BC CHO <C15
BC CHO >=C15
BC CHOX
Polyphenols
Highly unsaturated
Unsaturated aliphatics
Saturated FA CHO
Saturated FA CHOX
Sugars CHO
Sugars CHOX
Peptides
m/zw
Cw
Hw
Ow
Nw
Sw
Pw
O/Cw
H/Cw
AImodw
DBEw

Urban
0.54
-0.48
-0.47
0.50
-0.46
-0.40
-0.32
-0.49
0.36
0.38
0.37

Forest
-0.52
0.37
0.37
-0.33

Agriculture
0.43
0.36
0.40
0.31
0.37
-0.53
-0.60

0.48
-0.47
-0.35

0.47
0.45

-0.44
0.65

-0.31
0.45
-0.46
-0.36

-0.32
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Wetland
0.79
-0.50
0.88
0.56
0.78
-0.45
0.61
-0.88
0.72
0.74
0.49
0.78
-0.36
-0.70
-0.62
-0.40
-0.71

-0.78
0.38
-0.47
-0.31
-0.51
0.45
-0.82
0.78
0.73

p < 0.05) compared to C5 which was strongly correlated to urbanization (r = 0.50,
p < 0.01).
Using FTICR-MS, we were able to identify 16,477 individual molecular formulae
throughout the Altamaha River watershed. Individual samples in general contained
ca. 6,500 to 9,500 detected molecular formulae and there was no significant difference in
the number of molecular formula detected among low, medium, and high stream orders
(ANOVA, Tukey’s HSD, p > 0.05). There were 3,698 molecular formulae ubiquitous to
all samples and another 7,846 molecular formula that, while not ubiquitous in all
samples, were detected in samples among all three stream order groups. Together, these
molecular formulae represented on average ca. 99% of the relative intensity. To better
assess compositional differences between samples, molecular formulae were assigned to
molecular compound classes based upon their elemental ratios as defined by Seidel, et
al.45 (See methods section 6.3.4). The most significant differences in molecular
composition between stream order groups were observed among peptides and unsaturated
aliphatics, both of which had higher relative contributions in low and medium stream
orders compared to high stream orders (ANOVA, Tukey’s HSD, p < 0.05;
Figure 6.3g,h). On the other hand, polycondensed aromatics and polyphenols were more
abundant in high stream orders compared to low and medium stream orders (ANOVA,
Tukey’s HSD, p < 0.05, Figure 6.3e,f). The compositional differences based on these
compound classes, were highly related to land use. In particular, contributions from
wetlands could significantly explain some of the degree of variability in 9 out of the 11
assigned molecular compound classes (Table 6.1). Compound classes representing
highly aromatic compounds such as polycondensed aromatics and polyphenols were
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positively correlated to wetlands (polycondensed aromatics: r = 0.74, p < 0.01;
polyphenols: r = 0.78, p < 0.01) and inversely correlated to urbanization (polycondensed
aromatics: r = -0.40, p < 0.05; polyphenols: r = -0.49, p < 0.01). Compound classes
generally representing non-aromatic molecules and molecular formula containing
heteroatoms however, were negatively correlated to natural land cover and were more
associated with anthropogenic activity (Table 6.1). For instance, both unsaturated
aliphatics and peptides were correlated to both urbanization (unsaturated aliphatics:
r = 0.36, p < 0.05; peptides: r = 0.37, p < 0.05) and as well as agricultural activity
(unsaturated aliphatics: r = 0.31, p < 0.05; peptides: r = 0.37, p < 0.05). Furthermore, the
intensity weighted nitrogen average (Nw) was positively correlated with agriculture
(r = 0.65, p < 0.01) while the intensity weighted sulfur (Sw) was positively correlated with
urban land use (r = 0.47, p < 0.01).
6.5. Discussion
6.5.1 Identification of PARAFAC Components
PARAFAC components C1 and C2 are among the most ubiquitous components
identified within aquatic environments and generally represent high molecular weight
humic like compounds of terrestrial origin49-50. These components are routinely identified
in a number of aquatic systems ranging from tropical and subtropical wetlands51-53, boreal
lakes54, large arctic rivers55 and coastal marine systems56-57. Of the 5 validated
PARAFAC components identified in the Altamaha River, C4 was perhaps the most
unique component as it has not been identified as robustly in aquatic systems compared
to the other components, which is noted by a limited number matches within the
OpenFluor database. However, components with similar spectral character have been
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reported as terrestrially derived humic/fulvic acid like components49, 58. On the other
hand, comparable (but not identical) components previously identified exhibiting similar
broad range emission spectra observed with C4 have also been linked with DOM
photochemistry suggesting these components may represent photo-products59 and/or
photo-refractory DOM components60.
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Figure 6.2: A 5-component PARAFAC model for the Altamaha River displaying 3
terrestrial humic like components (C1, C2, & C4), a microbial humic like component
(C3) and protein-like component (C5). 3D-EEMs are displayed on the top row and
loading plots are displayed on the bottom row.
The more blue-shifted C3 has been associated with lower molecular weight DOM
derived from biological activity52, 61-62 and has commonly been observed in wastewater
and agriculturally impacted aquatic systems49, 63. Protein-like C5 is also commonly found
in both terrestrial and marine environments64 and has been routinely linked to
autochthonous DOM sources and high bioavailability in watersheds with increasing
anthropogenic activity33, 65-67.
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Figure 6.3: Distribution of EEM-PARAFAC components and FTICR-MS molecular
compound classes as a function of stream in the Altamaha River. (a-b), terrestrial
components C2 and C4, respectively (c-d) microbial and protein like components C3
and C5,respectively (e) condensed aromatic compounds, (f) polyphenols, (g)
unsaturated aliphatics, and (h) peptides
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6.5.2 Shifts in DOM Composition along the Altamaha River Continuum
The River Continuum Concept (RCC) by definition was developed as a model to
predict the fate of organic matter transported from headwaters to high order rivers. Its
prediction is that detrital sources of organic matter fluctuate from heterotrophic
environments (stream order 1-3) to autotrophic (stream order 4-6), and back to
heterotrophic (stream order 7 and above). For DOC, considered part of the detrital OM
pool, headwater streams will generate a molecularly complex, allochthonous pool of
DOM. Downstream, molecular diversity decreases as larger rivers become increasingly
disconnected from the terrestrial environment and in-situ stream processes remove
selective labile components18. Since the incorporation of new analytical techniques for
characterization of riverine DOM, specifically FTICR-MS, this concept has been recently
revisited and there is agreement with the RCC that a more diverse set of molecular
formula (as noted by the total number of molecular formulae detected) are observed in
low order streams19. For the Altamaha River, we were unable to detect evidence for such
molecular diversity changes, as the differences in the total number of molecular formula
among low, medium, and high stream orders were statistically insignificant (ANOVA,
p > 0.05). However, while previous studies were focused on mainly undisturbed
systems19, the Altamaha River watershed is quite different in that the upper headwaters is
considered to be highly disturbed due to intense agricultural development and
urbanization35. Because headwater streams are tightly connected to the terrestrial
environment, their structure and function are likely to be highly vulnerable and
disproportionally affected by increasing anthropogenic activity compared to higher order
rivers68. For instance, urbanized headwaters are engineered to include significant
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drainage networks and channelization, a process that may induce low order streams to
behave more similarly to high order streams30. In addition, DOM composition in
headwater streams have been found to be strongly influenced not only by urbanization,
but also agricultural practices69-71 and forest management26 . Thus, we hypothesize that
DOM sources and in-situ processing may be enhanced in anthropogenically impacted
headwaters, which may further explain the lack of significant variability in molecular
diversity observed along the Altamaha River continuum.
Because a high number of molecular formulas (11,544 of 16,455) were detected
among all stream orders that represented a high proportion of the relative abundance
(~99%), we further assessed the effects of stream order (i.e. the RCC) as a function of
changes in DOM composition (EEM-PARAFAC and FTICR-MS compound classes)
throughout the river continuum. The removal of labile components downstream as
predicted by the RCC not only suggest that molecular diversity decreases downstream,
but also suggest that DOM will become more refractory and less reactive during
downstream transport18, 22 which further indicate significant shifts in molecular
composition downstream. For instance, Massicotte, et al.20 indicated on a global scale
that DOM becomes profoundly less reactive downstream as noted by decreases in DOM
aromaticity (SUVA), which can likely be attributed to various degradation/removal
processes as well as a diminished connectivity between aquatic systems and the
surrounding terrestrial environment. However, we show clear trends of an increasingly
aromatic DOM pool downstream as noted by significantly higher proportions of
terrestrial humic-like PARAFAC components C2 and C4 coupled with higher proportions
of polyphenols and polycondensed aromatic compounds in higher stream orders
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compared to low and medium stream orders (Figure 6.3, ANOVA & Tukey’s HSD,
p < 0.05 in all cases). This increased proportion of terrestrial material downstream is
likely a function of a number of factors that may include a reoccurring source
downstream (i.e. land use as discussed below) and/or a significant reduction in in-stream
biogeochemical processes that are subject to remove highly aromatic compounds. For
instance, DOM degradation from photochemical processes is likely to be reduced in the
lower watershed due to higher turbidity (Appendix 6.2). However, with higher turbidity,
it may be expected that a variety of DOM sorption process with mineral surfaces are
enhanced14, 72-73, particularly in the Altamaha River where soils are rich with iron and
contribute significantly to the particulate material74-75. However, the observed continuous
input of highly aromatic, terrestrial-like material coupled with higher turbidity may also
indicate that removal of high molecular weight DOM through sorption mechanisms may
also be limited in this system with respect to increases in sources downstream.
On the contrary, in-stream processing may be enhanced in the upper Altamaha
River watershed where lower turbidity may allow for greater photodegradation of
aromatic DOM13. A combination of enhanced light availability from lower turbidity and
higher nutrient loads from agricultural and urban areas in the upper watershed may also
lead to higher contributions of microbial related processes (production/respiration) on
DOM composition33-34, 76. This is noted with increased contributions of microbial humic
like component C3 and protein like component C5 in the upper watershed along with a
higher relative abundance of peptides and unsaturated aliphatic compounds as detected
by FTICR-MS (Figure 6.3). There was no significant difference (ANOVA, Tukey’s
HSD, p < 0.05, Figure 6.3), however, between low and medium stream orders for these
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molecular compound classes. It may be expected that higher tree cover would limit light
availability in small order streams and in turn, limit photochemical processes and
autotrophic activity. Thus, significant changes in DOM composition between small and
medium order streams would have been hypothesized. However, tree cover decreases in
anthropogenically impacted systems77, an observation which was also observed in the
Altamaha River where tree cover for sampling locations within the small stream order
group were highly variable (data not shown). Thus, the lack of a significant difference in
molecular compound classes in low and medium stream orders may indicate to some
degree a similar behavior in DOM sources and/or in-stream processing as enhanced
anthropogenic activity may induce small order streams to behave more similarly to higher
order streams30.
It is well understood that a variety of in-stream biogeochemical processes can
have a significant impact on DOM composition12. However, the relative contributions of
in-stream processing with stream order on DOM composition are not well understood. In
some cases, stream order has shown to have little effect on predicting stream DOM
composition78, whereas in others, clear processing and degradation of DOM has been
observed along an increasing stream order gradient71, 79. For this study, we show clear
compositional shifts in DOM composition with respect to increasing stream order
indicating that in-stream processing of DOM (microbial/photochemical/etc) may have
significant influence on DOM composition in the Altamaha River; however, the evident
anthropogenic disturbances in the upper watershed (urban Atlanta, agricultural activity)
likely contribute significantly to the quality of DOM exported downstream as well.
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6.5.3 Land Use Controls on DOM Composition
General patterns show clear downstream shifts in DOM composition represented
by a higher degree of aromaticity as noted by the enrichment of polycondensed aromatic
and polyphenolic like compounds (Figure 6.3). The enrichment of this material could
suggest that selective biologically labile material is removed or altered during
downstream transport and/or a reduction in photochemical degradation potential with
increasing turbidity in the lower watershed. Alternatively, this clear shift in composition
may reflect a shift in DOM sources downstream. Longitudinal shifts in DOM quality
have been linked to clear shifts in watershed land cover80, but more specifically to
watershed connectivity with wetlands81-82. In the Mississippi River, loss of wetlands
downstream generally resulted DOM becoming less aromatic in character83. In fact,
wetlands are generally considered good predictors of DOC concentration84-85 as well as
DOM composition where a higher proportion of aromatic, humic like material are
sourced from areas with high degrees of wetland cover29, 86. An enrichment of wetlands is
observed in the lower Altamaha River watershed (Figure 6.1a; below Lake Sinclair as
presented in Figure 5.1) where, in general, 10-15% of the land cover can be attributed to
wetlands, whereas generally less than 6% wetland cover is observed in the upper
watershed (Figure 6.1a, Appendix 6.1). Wetlands also appear to be good predictors of
DOM composition in the Altamaha River as they can be significantly linked to the
distribution of all 5 PARAFAC components as well as 9 of the 11 molecular compound
classes established by FTICR-MS (Table 6.1). Consistent with other reports29, 83, it is
evident that an enrichment of aromatic, humic like DOM is linked to the distribution of
wetlands throughout the watershed as wetlands were positively correlated with humic
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like PARAFAC components C1 (r = 0.56, p < 0.01), C2 (r = 0.78, p < 0.01), and C4
(r = 0.61, p < 0.01) as well MS groups representing condensed aromatic compounds
(r = 0.74, p < 0.01) and polyphenols (r = 0.78, p < 0.01)
On the contrary, in the upper watershed, anthropogenic activity is much more
prominent compared to the lower watershed as noted by the presence of the Atlanta
Metropolitan Area as well as an abundant display of agricultural activity (Figure 6.1a,
Appendix 6.1). In the upper watershed, there is an enrichment of DOM that is more
characteristically derived from autochthonous sources. This is notable with an enrichment
of microbial humic like and protein like PARAFAC components C3 and C5 along with
and enrichment in FTICR-MS molecular compound classes represented by unsaturated
aliphatics and peptides (Figure 6.3). The enrichment of autochthonously derived DOM in
both urban and agricultural areas has been linked to higher nutrient loads87-89 which fuel
primary productivity34 and production of more bioavailable DOM33, 67, 71. In the Altamaha
River, TDN concentrations are highest in the upper watershed with positive correlations
to both urban (r = 0.54, p < 0.01) and agricultural activity (r = 0.43, p < 0.05) suggesting
higher nutrient availability in these areas, which is consistent with other reports
previously mentioned.
While higher TDN concentrations are evident in both urban and agricultural areas,
it appears that each of these land cover types contributes individually with respect to
DOM composition throughout the Altamaha River watershed. For instance, a positive
correlation was observed between agriculture and microbial humic like PARAFAC
component C3 (r = 0.36, p < 0.05), while no correlation was observed between C3 and
urban activity (r = 0.19, p > 0.05). Clear distinctions between urban and agriculture in
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relation to the identified FTICR-MS molecular compound classes was not observed as
both urban and agriculture were positively correlated with both unsaturated aliphatics and
peptides (Table 6.1). However, DOM derived from agricultural activity within the
watershed can clearly be distinguished from urban activity due to an enrichment in N
functionality (r = 0.65, p < 0.01) within the detected DOM molecular formulae, an
observation consistent with a report by Wagner et al.90 who suggested an enrichment of
nitrogen globally within the DOM pool in watersheds influenced by high degrees of
agricultural activity. Our results are generally consistent with other studies as well that
suggest that agricultural activity enhances the export of dissolved organic nitrogen along
with a greater contribution of autochthonously derived DOM66, 76. However, there is a
need to recognize that the effects of agricultural land use on DOM composition is not
completely clear as contrasting reports have also suggested that agriculturally impacted
watersheds export a higher degree of aromatic, structurally complex material71, 91-92.
Others however have reported that the relationship between DOM composition and
agriculture is driven by seasonality where autochthonous DOM sources are enhanced at
low river flow compared to an export of terrestrially derived DOM at high river flow93,
an observation that is generally consistent globally irrespective of land use94. We note our
sampling period occurred at the onset of the dry season and discharge conditions within
the watershed were at baseflow. Thus, we hypothesize that the enrichment of
autochthonous DOM in agricultural areas of the Altamaha River watershed are driven by
the enhanced nutrient inputs within the upper watershed coupled with low flow
conditions, which presumably increase light availability (due to low sediment
resuspension) and autochthonous activity.
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In urban areas of the catchment, DOM can be clearly distinguished from
agriculturally influenced DOM due to an enrichment in protein-like PARAFAC
component C5 (r = 0.50, p < 0.01). Small urban streams are particularly vulnerable to
increasing eutrophication and autotrophic production as leaky sewer and septic systems
release nutrients that are transported in the groundwater to headwater streams34, 95-96.
Thus, higher contributions of protein-like fluorescence and autochthonously derived, low
molecular weight DOM are often observed in urban-influenced streams33, 67, 97. However,
high degrees of protein like fluorescence in wastewaters65 further indicates the influence
of humans as contributing sources of protein-like DOM in urban-influenced watersheds.
We also note an enrichment of sulfur moieties within the DOM pool as a function of
urban land use (r = 0.47, p < 0.01), a property of DOM that has been linked to wastewater
treatment98. In some instances, addition of sulfate fertilizers as agricultural amendments
have also been suggested to result in an enrichment of dissolved organic sulfur in
agricultural systems99-100. However, the relationship with sulfur in the Altamaha River
was limited to urban areas highlighting the influence of wastewater treatment and other
potential point sources from the Atlanta region on DOM composition in this system.
6.5.4 Spatial Variability in DOM Composition: Land Use vs Stream Order (RCC)
The data presented in the previous sections show clear trends in DOM
composition throughout the Altamaha River watershed relating to both stream order
(RCC) and watershed land use. There are particularly evident shifts from
autochthonously derived DOM in the anthropogenically impacted upper watershed (low
stream orders) to more aromatic humic-like material present in the lower watershed (high
stream order) where a natural land cover is more persistent. We used redundancy analysis
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(RDA) to further integrate these two environmental drivers of DOM composition in order
to assess the relative contributions of both land use and stream order on the spatial
variability of DOM composition in the Altamaha River. For both EEM-PARAFAC
(Figure 6.4) and FTICR-MS molecular compound classes (Figure 6.5), RDA generally
confirmed trends previously discussed relating to spatial shifts in DOM compositions as
functions of both stream order and land use. Using RDA, 57% of the total spatial
variability of DOM composition represented by EEM-PARAFAC (Figure 6.4) can be
explained as a combined function of stream order and land use as noted along RDA1
(51%) and RDA2 (6%). Of this 57% explained variability, we determined that land use
contributed to a higher fraction of this variability (31%) compared to stream order (26%).
Similarly, RDA could explain 45% of the spatial variability in DOM composition
represented as FTICR-MS molecular compound classes (Figure 6.5), with land use again
estimated at a higher contribution (25%) compared to stream order (20%).
RDA for PARAFAC components (Figure 6.4) displays a clear separation of
natural and anthropogenic land use on RDA1. Low order urban streams cluster positively
along RDA1 and negatively with RDA2 along with protein like C5 compared to
agricultural streams which are displayed positively along both RDA1 and RDA2 along
with microbial humic like C3. Conversely, a cluster of high stream order with wetlands
negatively along RDA1 coupled with terrestrial humic like components C1, C2, and C4
also falling negatively along RDA1. There does appear however, to be a small degree of
separation between high stream orders and wetlands along PC2 with C4 being more
closely linked to high stream orders compared to C1 being linked more closely to natural
land use. This observation may be further indication of ongoing in-stream processes
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within the within the watershed as we have noted previously that C4 displays similar
characteristics as fluorophores in other systems that have been linked to in-stream
photochemical processes59-60. While DOM processing through photochemistry is
expected to decrease in the lower watershed due to increasing turbidity, the association of
C4 with higher stream order compared to land use indicates to a small extent that
photochemical alteration of DOM in the lower Altamaha River watershed might still be
pertinent.
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Figure 6.4: Redundancy analysis using stream order (i.e. RCC) and land use as
predictor variables for the spatial distribution of EEM-PARAFAC components in the
Altamaha River watershed. PARAFAC components are represented as open black
boxes, stream order as open red circles, and land use as solid red circles.
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Similar observations describing spatial distributions in DOM composition as
defined by FTICR-MS were also observed using RDA. Highly aromatic terrestrial like
material such as polycondensed aromatic compounds and polyphenols clustered
positively along RDA1 in association to high stream orders and wetlands. Anthropogenic
land use is clearly separated from natural land use where high urban activity is associated
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Figure 6.5: Redundancy analysis using stream order (i.e. RCC) and land use as
predictor variables for the spatial distribution of FTICR-MS molecular compound
classes in the Altamaha River watershed. FTICR-MS groups are represented as open
black boxes, stream order as open red circles, and land use as solid red circles.
negatively on RDA1. Agricultural activity is further separated from urbanization along
negative RDA2. Peptides and unsaturated aliphatics cluster negatively along both RDA1
and RDA2 indicating some links between both urban and agricultural activity. Saturated
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fatty acids are mostly associated with small agricultural streams (Figure 6.5), an
observation consistent with previous reports of higher proportions of fatty acids linked to
agricultural soils101. Highly unsaturated compounds, which have been linked to lignin
degradation products102, were more associated medium order urban streams. The
presence of this material in medium size stream orders may indicate to some extent the
degradation of lignin like material being transported within the upper watershed103.
We were able to show with RDA that a combination of both watershed land use
and the traditional RCC could explain roughly 50% of the spatial variability of DOM
composition in the Altamaha River watershed as described by both EEM-PARAFAC and
FTICR-MS. Just as watershed land use has been described as good predictors of DOM
composition in other systems83-85, it also explained a higher degree of variability in the
Altamaha River watershed compared stream order, highlighting the need to further
consider the controls of land use on DOM composition in future adaptations of the RCC.
However, about 50% of the variability in the data remains unexplained within this
system, which is likely related to other environmental drivers of DOM composition in
fluvial networks. For instance, Kothawala, et al.78 has suggested that land cover in boreal
streams could explain 49% the observed DOM composition while an additional 8% could
be explained by seasonality. Furthermore, water residence time, precipitation, and
discharge (groundwater versus high flow), soil type and temperature have all also been
linked to DOM composition in a variety of systems21, 71, 104-108. Thus, we would suspect
that a portion of this remaining 50% of unexplained variability in DOM composition
within the Altamaha River watershed could also be explained with soil dynamics and/or
as a function of river hydrology.
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The RCC has been used as a paradigm for decades to predict ecosystem function
including the fate and transport of DOM from headwater streams along increasing flow
paths during transport to coastal systems. However, the number of environmental factors
that regulate fluvial ecosystem dynamics has led to a variety of adaptations to the RCC
addressing both spatial and hydrological limitations within this concept. We have further
shown in this study that land use also contributes significantly in respect to the RCC in
predicting DOM composition in large, anthropogenically influenced watersheds. As
DOM dynamics are unique and vary over both spatial and temporal scales, future
research should continue to integrate both land use and other environmental drivers of
DOM composition (i.e. seasonality, soil type) into traditional models such as the RCC in
an effort to improve our understanding of DOM cycling in fluvial networks and
continued response to on-going urban and agricultural development and climate change.
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In coming decades, the production of black carbon (BC) is expected to increase
with projections of more frequent, high impact wildfires as a response to on-going
climate change trends. While a majority of this material will likely be sequestered in soils
over millennial scales, oxidation of particulate charcoal over much shorter time scales
induces the release and transport of dissolved BC (DBC) in fluvial systems. Soil
microbial processes have been previously recognized as a primary mechanism for BC
oxidation. However, incubation experiments suggests that photodissolution of particulate
charcoal may be a previously unrecognized source of DBC to aquatic systems. The global
contributions of photodissolution as a source of DBC are still unknown, and future
studies should continue to derive the relative contributions with respect to soil microbial
oxidation processes.
While photodissolution of particulate charcoal may be a considerable source of
DBC, photochemical degradation has also been identified as a pertinent sink for more
polycondensed DBC fractions. Systems with high light availability display a less
polycondensed signature compared to other regions where light is attenuated with a high
presence of chromophoric dissolved organic matter. In contrast, rivers with high turbidity
and particulates largely comprised of metal oxide complexes also displayed a less
polycondensed DBC signature, suggesting in-situ reactions with metal complexes may
also be sinks for more polycondensed DBC fractions. The ultimate fate of DBC within
these systems is quite diverse as photodegradation of DBC may lead to production of
more biologically labile constituents as well as evasion of CO2 from aquatic systems;
whereas, the removal of DBC through co-precipitation mechanisms with iron oxides may
further lead to the sequestration and burial of BC in riverine and ocean sediments. Thus,
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in-stream biogeochemical processing of DBC likely affects the long-term reactivity and
may have significant implications for global cycling of DBC.
Mobilization of BC is complex and likely involves a number of factors. However,
mobilization of particulate BC (PBC) under high flow regimes is apparent, and in some
instances, sources of PBC under low flow regimes at the mouth of a river may be linked
to tidal influences and fire history in coastal regions. On the other hand, the release of
DBC from soils has been linked to seasonal discharge regimes where flushing of organic
rich soils during high discharge events enrich DBC in fluvial systems. While
groundwater is expected to transport less polycondensed DBC fractions, this may not be a
ubiquitous case as groundwater may also transport DBC with sources characteristic of
older deep soil chars in some systems. DBC exported from a large watershed during high
flow regimes however displayed a signature characteristic of anthropogenically derived
sources and was connected to seasonal high intensity precipitation events in urban and
agricultural areas. Thus, the need to further relate the controls of both land use and
seasonal hydrology on DBC export to coastal systems is warranted.
DBC composition was significantly impacted by watershed land use. In urban and
agricultural areas, DBC was less polycondensed and lower in molecular weight compared
to DBC sources from natural wetlands. Furthermore, the incorporation of both nitrogen
and sulfur within DBC could be linked to anthropogenic activity. In particular, DBC from
agricultural systems was enriched with sulfur suggesting the burning of agricultural areas
with sulfate amendments may lead to an enrichment of dissolved black sulfur (DBS).
Similarly, dissolved black nitrogen (DBN) was strongly linked with anthropogenic
activity and is likely derived from the use of fertilizers and burning of farmlands. The
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impact of DBN and DBS on pyrogenic carbon reactivity and transport in fluvial systems
is relatively unknown, however it is expected that downstream transport of DBN and
DBS may have significant implications for both carbon and nutrient cycling.
Similarly, the controls of land use were shown to significantly influence bulk
dissolved organic matter (DOM) composition with an enrichment of highly aromatic
terrestrial-like material from areas with of more natural influence compared to areas of
high anthropogenic activity where an enrichment of autochthonous-like DOM was
observed. The coupling of land use with stream order as a proxy for the River Continuum
Concept (RCC) could explain roughly 50% of the spatial variability in DOM composition
in a watershed with anthropogenically impacted headwaters. While paradigms such as the
RCC have been historically used to predict DOM composition along a river continuum,
the need to incorporate other environmental controls of DOM composition, such as land
use, into these paradigms is highlighted.
With an increasing number of fires across the global landscape and natural
systems being converted for anthropogenic purposes, sources and transformations of both
DBC and bulk DOM are expected to follow and are likely to have significant
implications for fluvial ecosystem functions, aquatic food web dynamics, and carbon and
nutrient cycling. While a better understanding of DBC export has been achieved in recent
years, a number of questions as previously mentioned still remain. The relative global
contributions of photodissolution as a source of DBC to aquatic systems are still to be
determined. Shifts in land use can significantly alter DBC composition; however,
methods to directly quantify the contributions of DBN and DBS are still unavailable and
thus, fluxes of these components from fluvial to coastal systems are unknown. It is also
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apparent that a number of environmental controls can influence both DBC and bulk
DOM composition, and there is still a need to integrate these controls to provide the most
accurate assessments in predicting both DOM and DBC composition in fluvial networks.
Addressing these knowledge gaps will better assist in the ultimate goals of constraining
BC budgets and understanding the role of BC in global carbon cycling.
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Appendix 4.1: Altamaha River monthly sampling information and data
Sample Date

Time

Salinity

DOC (ppm)

BIX

SUVA

POC (ppm)

δ13C

DBC (ppm)

BPCA Ratio (DBC)

PBC (ppm)

BPCA (PBC)

09/15/2015

11:49

2.36

6.900

0.53

3.5580

0.46

-26.33

0.302

1.050

0.117

1.13

10/132015

13:05

0.1

7.384

0.48

3.3518

0.74

-28.08

0.430

1.437

0.102

0.33

11/10/2015

13:30

0.1

6.424

0.54

3.5554

0.7

-27.91

0.328

1.138

0.049

0.27

12/142015

14:20

0

8.176

0.50

3.9371

0.65

-27.39

0.288

0.906

0.006

0.21

01/19/2016

13:20

0

10.139

0.49

6.2531

0.8

-27.23

0.227

0.529

0.255

1.18

02/16/2016

13:35

0

9.731

0.47

5.1249

0.87

-27.31

0.468

1.092

0.067

0.89

03/15/2016

13:40

0

7.491

0.50

5.6281

0.52

-26.74

0.367

1.170

0.047

0.83

04/10/2016

14:45

0

12.615

0.46

4.5914

1.32

-30.78

0.389

0.688

0.071

0.57

05/09/2016

12:25

0

6.855

0.53

4.7794

0.65

-28.74

0.331

1.091

0.067

0.65

06/05/2016

14:50

0

6.231

0.57

4.7025

0.66

-27.91

0.313

1.014

0.084

0.51

07/11/2016

15:15

3.65

6.187

0.59

3.0886

0.61

-25.86

0.374

1.043

0.098

1.25

08/14/2016

16:28

2.22

6.159

0.63

3.0839

0.63

-26.57

0.448

1.027

0.192

1.35

09/11/2016

16:43

1.75

7.763

0.57

2.9991

0.73

-26.86

0.429

1.005

0.154

1.18
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Appendix 4.2: Altamaha River monthly discharge and flux data
Sample Date
09/15/2015
10/132015
11/10/2015
12/142015
01/19/2016
02/16/2016
03/15/2016
04/10/2016
05/09/2016
06/05/2016
07/11/2016
08/14/2016
09/11/2016

Discharge (m3/s)
101
227
251
324
1298
1210
696
760
269
156
100
75
87

Flux DOC (Mg/day)
60.21
144.82
139.31
228.88
1137.06
1017.32
450.47
829.44
159.32
83.98
49.71
39.91
58.35

Flux DBC (Mg/day)
2.64
8.43
7.11
8.06
25.46
48.93
22.07
25.58
7.69
4.22
3.01
2.90
3.22
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Flux PBC (Mg/day)
1.02
2.00
1.06
0.17
28.60
7.00
2.83
4.67
1.56
1.13
0.79
1.24
1.16

Flux POC (Mg/day)
4.01
14.51
15.18
18.20
89.72
90.95
31.27
86.79
15.11
8.90
4.90
4.08
5.49

a

b

Appendix 5.1: Cluster analysis for 19 Altamaha River samples using relative BPCA
distributions including (a) a dendrogram displaying two distinct clusters and (b) a
map displaying samples color-coded respective to each cluster. Sample number and
locations are presented in Appendix 5.3.
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Appendix 5.2: Principal Component (PC) Analysis using the relative BPCA
distributions including (a) BPCA loading plot and sample score plot displaying
location of individual samples in PC space, and (b) a strong inverse linear correlation
between PC1 and wetland land cover. Samples are color coded according to their
clusters (Appendix 5.1).

183

Appendix 5.3: Sample information including date of collection, geographic location, and land cover in the Altamaha River.
Sample
0 North Oconee 1
1 Walnut Creek
2 Allen Creek
3 Pond Fork
4 North Oconee 2
5 Norh Oconee 3
6 Sandy Creek
7 North Oconee 4
8 Middle Oconee
9 Apalachee River 1
10 Jack's Creek
11 Apalachee River 2
12 Big Sandy Creek
13 Hard Labor Creek
14 Little River 1
15 Rice Creek
16 Lake Sinclair
17 Oconee 1
18 Murder Creek 1
19 Little River 2
20 Big Indian Creek
21 Little River 3
22 Murder Creek
23 Kinder Road Creek
24 Cedar Creek
25 Oconee 2
26 Apalachee River 3
27 Little Mulberry River
28 Mulberry Creek 1
29 Mulberry Creek 2
30 Middle Oconee 2
31 Middle Oconee 3
32 Oconee 3
33 Oconee 4
34 Little Ocmulgee
35 Ocmulgee

Date
5/23/2016
5/23/2016
5/23/2016
5/23/2016
5/23/2016
5/23/2016
5/23/2016
5/23/2016
5/23/2016
5/24/2016
5/24/2016
5/24/2016
5/24/2016
5/24/2016
5/24/2016
5/24/2016
5/24/2016
5/24/2016
5/25/2016
5/25/2016
5/25/2016
5/25/2016
5/25/2016
5/25/2016
5/25/2016
5/25/2016
5/26/2016
5/26/2016
5/26/2016
5/26/2016
5/26/2016
5/26/2016
5/27/2016
5/27/2016
5/27/2016
5/27/2016

Time
10:30
11:40
12:10
12:30
13:15
14:05
14:30
15:15
16:10
7:45
8:15
9:15
10:00
10:15
11:00
11:30
13:00
13:45
8:30
9:15
9:30
10:45
11:00
11:15
11:45
14:00
7:00
7:15
7:45
8:30
9:00
9:45
9:10
9:45
10:30
10:45

USGS
2217615
2217770
2217500
2219000
2218300
2220900
2221525
2223000
2218565
2217297
2217475
2223500
2224500
2215900
2215500

Latitude
34.364997
34.169425
34.192889
34.180702
34.200278
34.067354
33.986217
33.958922
33.918535
33.817588
33.760295
33.718955
33.667263
33.644459
33.623104
33.618404
33.608733
33.7207
33.414878
33.372838
33.37587
33.314021
33.252355
33.239448
33.186449
33.083772
34.004475
34.049803
34.147221
34.055111
34.095939
34.031833
32.544611
32.191291
31.935204
31.919878

Longitude
-83.683652
-83.786935
-83.719469
-83.661236
-83.515833
-83.46302
-83.377379
-83.366834
-83.39001
-83.506017
-83.490974
-83.434228
-83.444624
-83.448126
-83.701162
-83.612916
-83.348184
-83.295596
-83.661196
-83.4773
-83.471547
-83.437109
-83.481276
-83.513049
-83.437009
-83.21479
-83.886019
-83.905672
-83.878812
-83.717134
-83.606152
-83.563299
-82.894587
-82.63319
-82.670643
-82.674063
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Drainage Area (km2)
5
65
49
70
266
460
168
742
1176
397
135
609
160
213
15
2
1101
2404
62
354
213
693
496
0.22
391
7632
20
5
3
290
356
790
11138
13478
2083
13733

Urban
29.85%
25.76%
23.32%
13.16%
11.14%
11.82%
12.46%
14.23%
24.02%
19.45%
14.70%
16.63%
5.85%
8.36%
16.04%
40.57%
12.17%
19.13%
4.50%
6.44%
8.11%
6.71%
5.58%
8.30%
4.50%
11.61%
60.63%
78.52%
26.80%
29.60%
19.07%
23.05%
9.40%
8.93%
5.75%
17.60%

Forested
48.68%
54.83%
54.24%
46.31%
56.58%
52.83%
44.14%
49.59%
43.93%
41.74%
44.17%
44.75%
39.21%
55.16%
40.84%
14.60%
48.23%
48.56%
71.59%
56.74%
53.14%
59.71%
67.70%
86.34%
81.40%
60.22%
28.32%
14.95%
54.49%
44.41%
48.61%
44.89%
62.77%
60.99%
55.15%
49.41%

Agriculture
21.47%
19.00%
21.70%
37.54%
28.96%
30.25%
39.51%
31.04%
27.92%
31.86%
34.27%
32.25%
48.34%
30.56%
39.42%
39.54%
32.60%
27.86%
17.65%
29.89%
30.28%
26.41%
20.39%
0.01%
8.10%
23.11%
8.41%
6.41%
18.60%
23.34%
28.57%
28.10%
19.83%
20.81%
24.66%
21.74%

Wetland
0.01%
0.41%
0.74%
2.99%
3.32%
5.10%
3.89%
5.14%
4.13%
6.95%
6.86%
6.37%
6.60%
5.92%
3.70%
5.29%
7.00%
4.45%
6.26%
6.93%
8.47%
7.17%
6.33%
5.36%
6.00%
5.06%
2.64%
0.12%
0.11%
2.65%
3.75%
3.96%
8.00%
9.27%
14.44%
11.25%

36 Oconee 5
37 Altamaha 2
38 Ohoopee
39 Altamaha 2
40 Altamaha 3
41 Altamaha 4

5/27/2016
5/27/2016
5/27/2016
5/27/2016
5/27/2016
6/5/2016

11:45
12:10
13:00
13:45
15:30
14:45

2224940
2225500
2226000
2226160

31.980866
31.957744
31.920484
31.854456
31.666591
31.337816

-82.546458
-82.517106
-82.112638
-82.093861
-81.838942
-81.449939

185

13798
29614
3483
34280
35121
36866

8.81%
12.70%
6.74%
11.84%
11.74%
11.59%

60.87%
55.13%
52.52%
54.65%
54.34%
54.62%

20.68%
21.45%
26.86%
22.21%
22.24%
21.50%

9.64%
10.72%
13.88%
11.30%
11.68%
12.29%

Appendix 5.4 Quantitative and compositional BPCA data along with DOC and flux information for 18 samples collected at
USGS stations throughout the Altamaha River.
Sample
4. North Oconee 2
7. North Oconee 4
8. Middle Oconee
9. Apalachee River 1
17. Oconee 1
21. Little River 3
22. Murder Creek
25. Oconee 2
26. Apalachee River 3
29. Mulberry Creek 2
31. Middle Oconee 3
32. Oconee 3
33. Oconee 4
34. Little Ocmulgee
35. Ocmulgee
37. Altamaha 5
38. Ohoopee
40. Altamaha 3
41. Altamaha 4

DOC (ppm)
1.29
1.50
1.58
1.62
1.45
2.08
1.77
2.90
1.54
1.63
1.50
3.87
4.19
7.65
3.10
3.53
9.70
4.20
6.23

DBC (ppm)
0.02
0.02
0.03
0.02
0.04
0.07
0.04
0.14
0.01
0.01
0.01
0.20
0.23
0.50
0.16
0.17
0.48
0.19
0.31

%DBC
1.67
1.62
1.61
1.21
2.66
3.52
2.40
4.65
0.56
0.47
0.35
5.14
5.49
6.48
5.10
4.81
4.97
4.48
5.02
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BPCA Ratio
0.23
0.20
0.41
0.22
0.52
0.70
0.39
0.84
0.00
0.00
0.00
0.75
0.81
1.03
0.82
0.89
0.95
0.78
1.01

Discharge (m3/s)
2.35
6.34
8.89
3.09
19.37
2.88
2.18
25.57
0.08
1.56
6.09
52.30
75.66
0.40
105.54
193.32
7.47
221.78
156.00

Flux DBC (mg/s)
49.35
152.16
222.25
61.80
755.43
210.24
91.56
3451.95
0.72
12.48
30.45
10407.70
17401.80
198.40
16675.32
32864.40
3600.54
41694.64
48828.00

Appendix 5.5: Molecular parameters for polycondensed aromatic compounds (A.I.mod ≥ 0.67, C ≥ 15) as determined by
FTICR-MS for samples collected throughout the Altamaha River. A (-) indicates that sample information is not available
Sample Name

Total Formula

DBC Formula

m/zw-dbc

Cw-dbc

Hw-dbc

Ow-dbc

Nw-dbc

Sw-dbc

O/Cw-dbc

H/Cw-dbc

AImodw-dbc

CHODBC (%)

CHONDBC (%)

CHOSDBC (%)

0 North Oconee 1

8020

704 (8.78)

329.51

19.09

10.97

5.08

0.27

0.17

0.27

0.58

0.73

291 (41.34)

211 (29.97)

187 (26.56)

1 Walnut Creek

8977

480 (5.35)

331.14

19.11

11.37

5.05

0.32

0.19

0.27

0.60

0.72

186 (38.75)

145 (30.21)

137 (28.54)

2 Allen Creek

8540

518 (6.07)

325.49

18.83

11.06

4.95

0.33

0.17

0.27

0.59

0.72

206 (39.77)

169 (32.63)

131 (25.29)

3 Pond Fork

8311

548 (6.59)

323.85

18.66

10.97

4.96

0.37

0.17

0.27

0.59

0.72

219 (39.96)

181 (33.03)

138 (25.18)

4 North Oconee 2

8728

682 (7.81)

329.35

19.02

11.04

5.04

0.35

0.17

0.27

0.58

0.73

251 (36.80)

224 (32.84)

187 (27.42)

5 North Oconee 3

8048

468 (5.82)

323.97

18.55

11.02

5.12

0.37

0.13

0.28

0.60

0.72

192 (41.03)

163 (34.83)

106 (22.65)

6 Sandy Creek

6223

343 (5.51)

318.84

18.36

10.94

4.96

0.33

0.14

0.28

0.60

0.72

159 (46.36)

104 (30.32)

76 (22.16)

7 North Oconee 4

8056

486 (6.03)

324.78

18.58

10.98

5.13

0.38

0.14

0.28

0.59

0.72

196 (40.33)

169 (34.77)

116 (23.87)

8 Middle Oconee

-

-

-

-

-

-

-

-

-

-

-

-

-

-

9 Apalachee River 1

7941

508 (6.40)

331.88

19.05

11.16

5.20

0.30

0.17

0.28

0.59

0.72

207 (40.75)

152 (29.92)

143 (28.15)

10 Jack's Creek

8180

587 (7.18)

322.49

18.77

11.02

4.72

0.35

0.21

0.26

0.59

0.73

225 (38.33)

185 (31.52)

160 (27.26)

11 Apalachee River 2

8887

733 (8.25)

325.98

18.94

11.09

4.85

0.35

0.19

0.26

0.59

0.73

265 (36.15)

251 (34.24)

196 (26.74)

12 Big Sandy Creek

9243

753 (8.15)

329.38

19.01

11.14

5.04

0.40

0.15

0.27

0.59

0.73

271 (35.99)

270 (35.86)

179 (23.77)

13 Hard Labor Creek

8787

641 (7.29)

324.95

18.77

11.04

4.99

0.34

0.15

0.27

0.59

0.72

252 (39.31)

217 (33.85)

158 (24.65)

14 Little River 1

7659

482 (6.29)

318.62

18.41

10.85

4.88

0.41

0.13

0.27

0.59

0.73

209 (43.36)

171 (35.48)

93 (19.29)

15 Rice Creek

7682

571 (7.43)

322.44

18.74

11.13

4.83

0.33

0.17

0.26

0.60

0.72

223 (39.05)

181 (31.70)

150 (26.27)

16 Lake Sinclair

8469

740 (8.74)

328.26

19.09

11.02

4.82

0.34

0.23

0.26

0.58

0.73

262 (35.41)

241 (32.57)

213 (28.78)

17 Oconee 1

7071

452 (6.39)

333.71

19.51

11.40

4.71

0.28

0.31

0.25

0.59

0.72

168 (37.17)

109 (24.12)

170 (37.61)

18 Murder Creek 1

8109

624 (7.70)

326.82

18.92

11.03

5.00

0.30

0.17

0.27

0.58

0.73

254 (40.71)

190 (30.45)

167 (26.76)

19 Little River 2

8127

670 (8.24)

327.34

18.95

11.00

4.97

0.34

0.17

0.27

0.58

0.73

255 (38.06)

217 (32.39)

179 (26.72)

20 Big Indian Creek

8967

712 (7.94)

329.64

19.01

11.07

5.06

0.37

0.16

0.27

0.59

0.73

263 (36.94)

247 (34.69)

182 (25.56)

21 Little River 3

9387

706 (7.52)

330.47

18.89

11.01

5.29

0.40

0.11

0.29

0.59

0.73

279 (39.52)

268 (37.96)

133 (18.84)

22 Murder Creek

7415

518 (6.99)

327.10

18.74

10.92

5.23

0.30

0.13

0.29

0.59

0.73

233 (44.98)

156 (30.12)

119 (22.97)

23 Kinder Road Creek

6965

549 (7.88)

329.28

18.90

10.89

5.33

0.27

0.11

0.29

0.58

0.73

257 (46.98)

162 (29.51)

115 (20.95)

24 Cedar Creek

7669

579 (7.55)

328.39

18.88

10.99

5.23

0.28

0.13

0.28

0.58

0.73

253 (43.70)

173 (29.88)

140 (24.18)

25 Oconee 2

6459

501 (7.76)

336.91

19.57

11.10

4.92

0.16

0.34

0.26

0.57

0.73

196 (39.12)

88 (17.56)

206 (41.12)

26 Apalachee River 3

9275

606 (6.53)

329.80

19.08

11.25

5.05

0.36

0.15

0.27

0.59

0.72

231 (38.12)

210 (34.65)

151 (24.92)

27 Little Mulberry River

8662

546 (6.30)

332.66

19.02

11.04

5.32

0.36

0.12

0.29

0.58

0.73

235 (43.04)

193 (35.35)

98 (17.95)

28 Mulberry Creek 1

7896

583 (7.38)

332.60

19.00

10.96

5.45

0.31

0.09

0.29

0.58

0.73

271 (46.48)

192 (32.93)

97 (16.64)

29 Mulberry Creek 2

8895

565 (6.35)

330.89

19.01

11.14

5.15

0.35

0.16

0.28

0.59

0.72

217 (38.41)

182 (32.21)

150 (26.55)

30 Middle Oconee 2

7710

413 (5.36)

321.03

18.47

11.07

4.97

0.39

0.13

0.28

0.60

0.72

174 (42.13)

145 (35.11)

89 (21.55)

31 Middle Oconee 3

7679

374 (4.87)

324.38

18.58

11.04

5.21

0.38

0.08

0.29

0.60

0.72

176 (47.06)

140 (37.43)

56 (14.97)

32 Oconee 3

8406

796 (9.47)

335.66

19.21

10.98

5.45

0.29

0.12

0.29

0.57

0.73

331 (41.58)

253 (31.78)

173 (21.73)

33 Oconee 4

8940

852 (9.53)

338.13

19.36

11.04

5.44

0.28

0.15

0.29

0.57

0.73

334 (39.20)

259 (30.40)

209 (24.53)

34 Little Ocmulgee

6826

664 (9.73)

342.75

19.63

11.13

5.56

0.19

0.16

0.29

0.57

0.73

307 (46.23)

148 (22.29)

186 (28.01)

187

35 Ocmulgee

8651

780 (9.02)

333.36

19.14

10.98

5.33

0.28

0.14

0.28

0.58

0.73

320 (41.03)

242 (31.03)

195 (25.00)

36 Oconee 5

8937

847 (9.48)

339.45

19.45

11.08

5.48

0.29

0.13

0.29

0.57

0.73

342 (40.38)

270 (31.88)

196 (23.14)

37 Altamaha 2

8909

871 (9.78)

335.84

19.27

11.01

5.37

0.29

0.14

0.29

0.57

0.73

340 (39.04)

276 (31.69)

217 (24.91)

38 Ohoopee

8008

923 (11.53)

342.95

19.60

10.95

5.65

0.22

0.14

0.30

0.56

0.73

377 (40.85)

257 (27.84)

237 (25.68)

39 Altamaha 2

8274

832 (10.06)

336.29

19.29

10.98

5.43

0.26

0.14

0.29

0.57

0.73

341 (41.99)

252 (30.29)

209 (25.12)

40 Altamaha 3

8659

837 (9.67)

337.62

19.31

10.94

5.53

0.25

0.12

0.29

0.57

0.73

349 (41.70)

246 (29.39)

197 (23.54)

41 Altamaha 4

7824

739 (9.45)

345.77

20.28

11.39

4.84

0.21

0.36

0.25

0.57

0.73

267 (36.13)

162 (21.92)

274 (37.05)
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Appendix 6.1: List of sample locations, date, time, stream order category, geographical coordinates, and land use
characteristics in the Altamaha River. An (*) indicates a USGS monitoring station
Sample

Date

Time

Stream Order

Latitude

Longitude

Urban

Forested

Agriculture

Wetland

0 North Oconee 1

5/23/2016

10:30

Small

34.364997

-83.683652

29.85%

48.68%

21.47%

0.01%

1 Walnut Creek

5/23/2016

11:40

Small

34.169425

-83.786935

25.76%

54.83%

19.00%

0.41%

2 Allen Creek

5/23/2016

12:10

Small

34.192889

-83.719469

23.32%

54.24%

21.70%

0.74%

3 Pond Fork

5/23/2016

12:30

Small

34.180702

-83.661236

13.16%

46.31%

37.54%

2.99%

*4 North Oconee 2

5/23/2016

13:15

Small

34.200278

-83.515833

11.14%

56.58%

28.96%

3.32%

5 Norh Oconee 3

5/23/2016

14:05

Medium

34.067354

-83.46302

11.82%

52.83%

30.25%

5.10%

6 Sandy Creek

5/23/2016

14:30

Medium

33.986217

-83.377379

12.46%

44.14%

39.51%

3.89%

*7 North Oconee 4

5/23/2016

15:15

Medium

33.958922

-83.366834

14.23%

49.59%

31.04%

5.14%

*8 Middle Oconee

5/23/2016

16:10

Medium

33.918535

-83.39001

24.02%

43.93%

27.92%

4.13%

*9 Apalachee River 1

5/24/2016

7:45

Medium

33.817588

-83.506017

19.45%

41.74%

31.86%

6.95%

10 Jack's Creek

5/24/2016

8:15

Small

33.760295

-83.490974

14.70%

44.17%

34.27%

6.86%

11 Apalachee River 2

5/24/2016

9:15

Medium

33.718955

-83.434228

16.63%

44.75%

32.25%

6.37%

12 Big Sandy Creek

5/24/2016

10:00

Medium

33.667263

-83.444624

5.85%

39.21%

48.34%

6.60%

13 Hard Labor Creek

5/24/2016

10:15

Small

33.644459

-83.448126

8.36%

55.16%

30.56%

5.92%

14 Little River 1

5/24/2016

11:00

Small

33.623104

-83.701162

16.04%

40.84%

39.42%

3.70%

15 Rice Creek

5/24/2016

11:30

Small

33.618404

-83.612916

40.57%

14.60%

39.54%

5.29%

16 Lake Sinclair

5/24/2016

13:00

Medium

33.608733

-83.348184

12.17%

48.23%

32.60%

7.00%

*17 Oconee 1

5/24/2016

13:45

Medium

33.7207

-83.295596

19.13%

48.56%

27.86%

4.45%

18 Murder Creek 1

5/25/2016

8:30

Small

33.414878

-83.661196

4.50%

71.59%

17.65%

6.26%

19 Little River 2

5/25/2016

9:15

Medium

33.372838

-83.4773

6.44%

56.74%

29.89%

6.93%

20 Big Indian Creek

5/25/2016

9:30

Medium

33.37587

-83.471547

8.11%

53.14%

30.28%

8.47%

*21 Little River 3

5/25/2016

10:45

Medium

33.314021

-83.437109

6.71%

59.71%

26.41%

7.17%

*22 Murder Creek

5/25/2016

11:00

Medium

33.252355

-83.481276

5.58%

67.70%

20.39%

6.33%

23 Kinder Road Creek

5/25/2016

11:15

Small

33.239448

-83.513049

8.30%

86.34%

0.01%

5.36%

24 Cedar Creek

5/25/2016

11:45

Medium

33.186449

-83.437009

4.50%

81.40%

8.10%

6.00%

*25 Oconee 2

5/25/2016

14:00

Large

33.083772

-83.21479

11.61%

60.22%

23.11%

5.06%

*26 Apalachee River 3

5/26/2016

7:00

Small

34.004475

-83.886019

60.63%

28.32%

8.41%

2.64%

27 Little Mulberry River

5/26/2016

7:15

Small

34.049803

-83.905672

78.52%

14.95%

6.41%

0.12%

28 Mulberry Creek 1

5/26/2016

7:45

Small

34.147221

-83.878812

26.80%

54.49%

18.60%

0.11%

*29 Mulberry Creek 2

5/26/2016

8:30

Medium

34.055111

-83.717134

29.60%

44.41%

23.34%

2.65%

30 Middle Oconee 2

5/26/2016

9:00

Medium

34.095939

-83.606152

19.07%

48.61%

28.57%

3.75%

*31 Middle Oconee 3

5/26/2016

9:45

Medium

34.031833

-83.563299

23.05%

44.89%

28.10%

3.96%

*32 Oconee 3

5/27/2016

9:10

Large

32.544611

-82.894587

9.40%

62.77%

19.83%

8.00%

*33 Oconee 4

5/27/2016

9:45

Large

32.191291

-82.63319

8.93%

60.99%

20.81%

9.27%

*34 Little Ocmulgee

5/27/2016

10:30

Large

31.935204

-82.670643

5.75%

55.15%

24.66%

14.44%
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*35 Ocmulgee

5/27/2016

10:45

Large

31.919878

-82.674063

17.60%

49.41%

21.74%

36 Oconee 5

5/27/2016

11:45

Large

31.980866

-82.546458

8.81%

60.87%

20.68%

11.25%
9.64%

*37 Altamaha 2

5/27/2016

12:10

Large

31.957744

-82.517106

12.70%

55.13%

21.45%

10.72%

*38 Ohoopee

5/27/2016

13:00

Large

31.920484

-82.112638

6.74%

52.52%

26.86%

13.88%

39 Altamaha 2

5/27/2016

13:45

Large

31.854456

-82.093861

11.84%

54.65%

22.21%

11.30%

*40 Altamaha 3
*41 Altamaha 4

5/27/2016
6/5/2016

15:30
14:45

Large
Large

31.666591
31.337816

-81.838942
-81.449939

11.74%
11.59%

54.34%
54.62%

22.24%
21.50%

11.68%
12.29%
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Appendix 6.2: Measurements of water quality paramenters, optical properties, and relative contributions of PARAFAC
components at each sampling location in the Altamaha River. A (-) indicates measurements are not available.
Sample
0 North Oconee 1
1 Walnut Creek
2 Allen Creek
3 Pond Fork
4 North Oconee 2
5 Norh Oconee 3
6 Sandy Creek
7 North Oconee 4
8 Middle Oconee
9 Appalachee River 1
10 Jack's Creek
11 Appalachee River 2
12 Big Sandy Creek
13 Hard Labor Creek
14 Little River 1
15 Rice Creek
16 Lake Sinclair
17 Oconee 1
18 Murder Creek 1
19 Little River 2
20 Big Indian Creek
21 Little River 3
22 Murder Creek
23 Kinder Road Creek
24 CedarCreek
25 Oconee 2
26 Appalachee River 3
27 Little Mulberry River
28 Mulberry Creek 1
29 Mulberry Creek 2
30 Middle Oconee 2
31 Middle Oconee 3
32 Oconee 3
33 Oconee 4
34 Little Ocmulgee
35 Ocmulgee
36 Oconee 5

DOC (ppm)
1.247
1.133
1.432
1.318
1.288
1.470
1.921
1.496
1.579
1.616
1.699
1.518
1.278
1.791
1.527
2.382
1.725
1.450
1.509
1.775
2.081
2.077
1.768
0.752
1.948
2.903
1.535
1.178
1.187
1.628
1.515
1.498
3.868
4.193
7.653
3.104
4.473

TDN (ppm)
0.911
0.690
1.312
1.359
1.243
1.155
0.402
0.815
1.348
1.026
1.460
0.930
0.890
0.453
10.637
0.908
0.718
1.430
0.492
0.804
0.541
0.640
0.425
0.134
0.221
0.547
0.760
1.925
1.343
1.346
1.574
1.356
0.524
0.504
0.408
0.552
0.523

Turbidity
7.22
7.83
9.04
8.59
14.00
27.00
11.50
24.60
14.10
21.60
17.40
17.10
16.90
12.50
10.20
25.30
31.70
22.00
10.90
26.70
24.50
19.40
24.60
9.46
23.70
19.60
12.00
2.66
5.00
14.00
15.50
21.00
26.70
39.80
10.20
40.40
37.00

HIX
3.47
3.47
4.17
5.44
3.81
4.35
3.55
4.53
4.13
4.84
5.07
5.49
6.02
5.03
4.24
4.96
5.54
5.35
5.44
5.78
6.28
6.02
5.96
4.55
6.15
5.08
4.38
3.39
4.28
4.23
5.04
4.33
8.25
8.16
14.38
7.00
7.75

BIX
0.57
0.63
0.72
0.67
0.65
0.65
0.70
0.67
0.70
0.63
0.65
0.63
0.62
0.67
0.70
0.66
0.64
0.68
0.61
0.62
0.64
0.63
0.63
0.58
0.62
0.61
0.66
0.70
0.58
0.68
0.71
0.69
0.55
0.55
0.47
0.58
0.56
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FI
1.56
1.58
1.65
1.59
1.61
1.63
1.56
1.63
1.61
1.62
1.73
1.60
1.62
1.59
1.81
1.60
1.56
1.60
1.54
1.58
1.61
1.57
1.58
1.58
1.63
1.49
1.55
1.53
1.57
1.61
1.68
1.65
1.47
1.49
1.41
1.51
1.48

SUVA
3.40
4.55
4.20
4.51
5.15
5.29
3.54
5.35
4.45
4.95
4.40
5.02
5.85
4.03
4.09
5.89
4.36
4.69
4.50
4.15
5.20
4.43
4.74
4.86
5.26
5.09
5.22
3.15
3.76
3.78
4.15
4.66
5.42
5.10
4.96
4.75
4.93

%C1
30.87
29.68
30.87
34.54
32.97
32.99
30.91
34.01
33.00
34.48
37.81
33.13
35.35
33.08
36.92
33.12
32.40
33.46
33.05
34.54
35.03
33.72
34.66
35.27
36.29
31.93
31.93
30.08
36.01
34.08
36.21
35.06
35.65
35.80
37.69
34.36
35.69

%C2
25.13
23.34
22.22
25.14
24.97
23.66
23.65
24.72
23.51
26.21
23.80
24.62
26.56
24.91
22.24
24.87
24.55
23.84
26.11
26.05
25.95
25.37
25.83
28.11
26.86
25.48
24.78
23.34
25.82
27.63
25.05
24.20
28.86
28.68
32.81
27.68
28.66

%C3
14.45
16.39
20.14
20.13
17.71
18.96
17.81
19.40
20.05
18.36
22.88
17.99
19.48
18.97
21.49
18.93
17.76
20.02
16.98
18.82
19.68
18.67
18.59
16.18
19.70
16.34
18.41
17.91
21.32
17.38
23.21
21.78
16.56
16.78
14.28
17.13
16.76

%C4
6.11
6.63
3.82
4.23
4.92
3.99
12.14
6.19
5.88
8.39
0.01
6.85
4.65
7.52
0.01
9.43
9.35
4.85
6.31
6.30
6.66
7.64
6.02
2.69
5.43
12.72
7.78
4.92
2.66
3.60
0.01
1.72
11.15
11.12
11.01
11.22
10.99

%C5
23.44
23.96
22.95
15.96
19.42
20.39
15.48
15.67
17.55
12.56
15.51
17.42
13.96
15.53
19.35
13.65
15.93
17.83
17.55
14.28
12.69
14.60
14.91
17.76
11.73
13.52
17.10
23.75
14.19
17.31
15.53
17.24
7.78
7.62
4.20
9.61
7.90

37 Altamaha 2
38 Ohoopee
39 Altamaha 2
40 Altamaha 3
41 Altamaha 4

3.529
9.695
4.365
4.202
6.231

0.759
0.606
0.620
0.606
-

38.60
7.73
43.20
43.10
-

6.92
15.38
7.34
7.83
6.37

0.57
0.46
0.55
0.55
0.57
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1.49
1.40
1.48
1.47
1.48

4.97
5.22
4.99
4.87
4.70

34.46
38.79
35.29
35.30
32.50

27.68
33.93
29.17
29.16
27.83

16.97
14.75
16.17
16.31
14.85

11.08
8.75
10.96
11.43
14.26

9.80
3.78
8.41
7.81
10.57

Appendix 6.3: FTICR-MS weighted molecular parameters for each sampling location in the Altamaha River. A (-) indicates
measurements are not available.
Sample
0 North Oconee 1
1 Walnut Creek
2 Allen Creek
3 Pond Fork
4 North Oconee 2
5 Norh Oconee 3
6 Sandy Creek
7 North Oconee 4
8 Middle Oconee
9 Appalachee River 1
10 Jack's Creek
11 Appalachee River 2
12 Big Sandy Creek
13 Hard Labor Creek
14 Little River 1
15 Rice Creek
16 Lake Sinclair
17 Oconee 1
18 Murder Creek 1
19 Little River 2
20 Big Indian Creek
21 Little River 3
22 Murder Creek
23 Kinder Road Creek
24 CedarCreek
25 Oconee 2
26 Appalachee River 3
27 Little Mulberry River
28 Mulberry Creek 1
29 Mulberry Creek 2
30 Middle Oconee 2
31 Middle Oconee 3
32 Oconee 3
33 Oconee 4
34 Little Ocmulgee
35 Ocmulgee

m/zw
346.190
360.221
345.163
352.739
351.684
353.379
347.374
357.084
360.614
337.618
345.460
355.792
354.905
332.196
345.234
340.318
350.510
349.943
347.457
352.808
361.523
356.014
360.875
356.621
350.979
363.842
363.502
363.500
362.155
352.643
354.329
356.877
360.967
367.035
356.287

Cw
18.135
18.442
17.858
18.051
18.070
18.001
17.777
18.115
18.349
17.511
17.917
18.244
18.192
17.049
17.802
17.832
17.933
18.060
17.893
17.986
18.302
18.107
18.509
18.193
18.096
18.498
18.551
18.492
18.319
18.010
17.774
18.159
18.297
18.559
18.208

Hw
21.14
22.57
21.86
21.36
21.24
21.43
21.24
21.49
21.77
20.85
20.84
21.14
21.39
20.65
20.71
20.79
21.39
21.30
20.73
20.83
21.30
21.09
21.40
21.06
21.20
21.76
22.17
21.42
21.67
21.54
21.25
20.40
20.52
20.50
20.71

Ow
6.45
6.95
6.49
6.85
6.80
6.95
6.78
7.10
7.14
6.27
6.54
6.93
6.93
6.24
6.64
6.28
6.75
6.74
6.70
6.95
7.26
7.11
7.13
7.14
6.80
7.21
7.10
7.25
7.22
6.86
7.05
7.19
7.32
7.56
7.06
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Nw
0.22
0.21
0.20
0.27
0.26
0.26
0.25
0.25
0.23
0.27
0.26
0.28
0.25
0.29
0.27
0.25
0.23
0.22
0.26
0.27
0.26
0.22
0.17
0.19
0.16
0.23
0.23
0.21
0.25
0.27
0.24
0.20
0.20
0.14
0.20

Sw
0.05
0.07
0.08
0.06
0.06
0.05
0.04
0.05
0.05
0.09
0.06
0.05
0.05
0.11
0.05
0.07
0.10
0.05
0.05
0.05
0.05
0.04
0.04
0.03
0.06
0.06
0.07
0.05
0.07
0.06
0.13
0.05
0.05
0.04
0.06

Pw
0.01
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.01
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

O/Cw
0.36
0.38
0.37
0.38
0.38
0.39
0.38
0.40
0.39
0.36
0.37
0.38
0.38
0.37
0.38
0.36
0.38
0.38
0.38
0.39
0.40
0.39
0.39
0.39
0.38
0.39
0.39
0.39
0.40
0.38
0.40
0.40
0.40
0.41
0.39

H/Cw
1.15
1.22
1.22
1.17
1.16
1.18
1.18
1.17
1.17
1.18
1.15
1.14
1.16
1.20
1.15
1.15
1.18
1.17
1.14
1.14
1.15
1.15
1.14
1.14
1.16
1.16
1.18
1.14
1.17
1.18
1.19
1.11
1.11
1.09
1.12

Aimodw
0.37
0.32
0.32
0.35
0.35
0.34
0.34
0.34
0.34
0.35
0.37
0.36
0.35
0.33
0.36
0.37
0.34
0.35
0.37
0.36
0.35
0.35
0.37
0.36
0.36
0.34
0.33
0.36
0.34
0.34
0.33
0.38
0.38
0.38
0.37

DBEw
8.68
8.28
8.04
8.51
8.59
8.42
8.29
8.50
8.58
8.22
8.63
8.82
8.62
7.87
8.59
8.57
8.36
8.53
8.67
8.71
8.78
8.68
8.90
8.76
8.59
8.74
8.59
8.89
8.61
8.38
8.28
9.06
9.14
9.39
8.96

36 Oconee 5
37 Altamaha 2
38 Ohoopee
39 Altamaha 2
40 Altamaha 3
41 Altamaha 4

361.213
356.632
355.167
352.759
362.917
358.086

18.327
18.221
18.062
18.048
18.380
18.538452

20.48
20.63
19.35
20.14
20.49
20.86733

7.32
7.10
7.25
7.03
7.39
6.92
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0.20
0.20
0.17
0.19
0.19
0.13

0.05
0.05
0.04
0.05
0.05
0.08

0.01
0.01
0.01
0.01
0.01
0.02

0.40
0.39
0.40
0.39
0.40
0.38

1.10
1.12
1.06
1.10
1.10
1.11

0.38
0.37
0.41
0.39
0.38
0.38

9.19
9.01
9.47
9.08
9.23
9.18

Appendix 6.4: Relative intensity weighted contributions of each FTICR-MS molecular compound class at each sample
locations in the Altamaha River. A (-) indicates measurements are not available. Classes are defined as follows: (1) AImod >
0.67, less than 15 carbons, (2) condensed aromatics 15 or more carbons, (3) condensed aromatics compounds with
heteroatoms, (4) polyphenols, (5), highly unsaturated compounds, (6) unsaturated aliphatics, (7), saturated fatty acids, (8)
saturated fatty acids with heteroatoms, (9) carbohydrate-like, (10) carbohydrate-like with heteroatoms, and (11) peptide-like.
Sample
0 North Oconee 1
1 Walnut Creek
2 Allen Creek
3 Pond Fork
4 North Oconee 2
5 Norh Oconee 3
6 Sandy Creek
7 North Oconee 4
8 Middle Oconee
9 Appalachee River 1
10 Jack's Creek
11 Appalachee River 2
12 Big Sandy Creek
13 Hard Labor Creek
14 Little River 1
15 Rice Creek
16 Lake Sinclair
17 Oconee 1
18 Murder Creek 1
19 Little River 2
20 Big Indian Creek
21 Little River 3
22 Murder Creek
23 Kinder Road Creek
24 CedarCreek
25 Oconee 2
26 Appalachee River 3
27 Little Mulberry River
28 Mulberry Creek 1
29 Mulberry Creek 2
30 Middle Oconee 2
31 Middle Oconee 3

Group 1
3.919
2.178
2.223
2.843
3.170
2.735
2.934
2.506
2.542
2.891
3.337
3.009
2.838
2.516
3.139
3.479
2.618
3.128
3.416
3.006
2.749
3.139
3.876
3.344
3.531
2.499
2.341
3.333
2.376
2.316
2.245

Group 2
2.891
1.208
1.329
1.675
2.029
1.542
1.505
1.448
1.566
1.777
2.259
2.124
1.869
1.638
2.054
2.416
1.294
2.102
2.264
2.047
2.014
1.950
2.703
2.125
1.857
1.598
1.513
2.283
1.421
1.242
1.200

Group 3
2.97
1.68
1.84
2.64
2.88
2.27
2.29
2.21
2.06
3.09
3.24
3.02
2.49
2.76
2.98
3.54
2.49
2.51
3.15
2.92
2.49
2.27
2.25
2.11
2.58
2.15
1.91
2.13
2.06
2.15
1.76

Group 4
17.70
13.32
13.00
15.81
16.32
15.32
15.70
15.05
14.86
16.17
17.47
16.81
15.80
14.29
17.79
18.10
14.66
16.01
17.31
16.64
15.59
15.85
16.98
16.36
16.22
14.81
12.78
15.40
13.98
14.33
13.39

Group 5
61.16
66.64
67.20
66.14
64.84
66.53
65.85
68.14
68.52
63.71
63.66
66.33
67.73
63.61
64.02
61.15
68.23
65.77
64.80
66.61
68.33
68.49
65.17
68.21
66.11
69.85
71.88
69.25
71.29
69.93
71.30
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Group 6
10.05
13.41
13.07
9.67
9.58
10.15
10.64
9.59
9.56
11.21
9.01
7.71
8.38
13.48
9.18
10.11
9.46
9.44
8.15
7.90
7.95
7.58
7.69
7.28
8.81
8.17
8.33
6.65
7.90
8.92
9.15

Group 7
0.00
0.00
0.00
0.05
0.07
0.03
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Group 8
0.39
0.40
0.24
0.27
0.25
0.33
0.41
0.24
0.19
0.18
0.14
0.16
0.18
0.44
0.09
0.24
0.24
0.24
0.15
0.10
0.20
0.18
0.65
0.10
0.18
0.18
0.40
0.24
0.19
0.16
0.26

Group 9
0.15
0.06
0.07
0.08
0.08
0.09
0.06
0.07
0.07
0.08
0.07
0.07
0.08
0.12
0.07
0.08
0.07
0.09
0.08
0.09
0.08
0.08
0.11
0.09
0.09
0.07
0.08
0.09
0.06
0.05
0.07

Group 10
0.14
0.23
0.12
0.15
0.12
0.12
0.06
0.08
0.11
0.10
0.13
0.11
0.08
0.10
0.06
0.14
0.19
0.10
0.13
0.09
0.05
0.06
0.12
0.05
0.17
0.11
0.16
0.14
0.12
0.11
0.10

Group 11
0.63
0.89
0.91
0.69
0.65
0.88
0.55
0.66
0.52
0.78
0.68
0.66
0.56
1.05
0.62
0.72
0.74
0.61
0.55
0.60
0.55
0.40
0.44
0.34
0.45
0.55
0.61
0.47
0.61
0.79
0.53

32 Oconee 3
33 Oconee 4
34 Little Ocmulgee
35 Ocmulgee
36 Oconee 5
37 Altamaha 2
38 Ohoopee
39 Altamaha 2
40 Altamaha 3
41 Altamaha 4

4.034
3.873
4.219
3.595
3.804
3.687
5.480
4.300
4.051
4.041

3.099
3.004
3.227
2.843
3.046
3.001
4.604
3.447
3.322
2.66

2.82
2.81
2.30
2.70
2.71
2.87
3.06
2.94
2.69
3.10

18.23
17.91
18.35
17.54
18.06
17.63
20.81
18.76
18.19
18.91

64.92
66.01
67.25
65.68
66.30
65.56
61.29
64.01
65.75
64.31
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6.25
5.79
4.35
6.94
5.50
6.57
4.31
5.89
5.43
6.49

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.17
0.12
0.05
0.17
0.12
0.14
0.06
0.11
0.10
0.09

0.09
0.09
0.07
0.08
0.09
0.09
0.11
0.14
0.10
0.09

0.05
0.08
0.10
0.08
0.07
0.06
0.10
0.07
0.09
0.19

0.33
0.31
0.09
0.39
0.29
0.39
0.18
0.33
0.29
0.13
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